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ABSTRACT 
An e x p e r i m e n t t o obser \ . ' .2 t h e a t m o s p h e r i c Cerenkou l i g h t 
p roduced i n e x t e n s i v e a i r showers, has been under deuelopment a t 
th e B r i t i s h U n i u e r s i t i e s ' D c i n t A i r Shower A r r a y a t Hauerah Park, 
s i n c e 1972. T h i s t h e s i s i s concerned w i t h t h e Cerenkou l i g h t measure-
ments made a t Hauerah Park d u r i n g t h e U.K. w i n t e r o f 1975/76, when 
t h e e x p e r i m e n t a l equipment was f i r s t improued t o i t s p r e s e n t 
s p e c i f i c a t i o n . 
An i n t r o d u c t i o n t o e x t e n s i u e a i r showers and t h e r e l e u a n c e 
o f Cerenkou l i g h t s t u d i e s , i s f o l l o w e d by an account o f t h e t h e o r e t i c a l 
a s p e c t s o f Cerenkou r a d i a t i o n . The most r e c e n t computer s i m u l a t i o n s 
o f t h e f e a t u r e s o f Cerenkou l i g h t i n e x t e n s i u e a i r showers are 
b r i e f l y d e s c r i b e d , A d e t a i l e d a c c o u n t o f t h e d e s i g n and performance-
o f t h e c u r r e n t Cerenkou l i g h t d e t e c t i o n equipment i s g i u e n , and t h e 
measurements made a r e r e p o r t e d . Very d e t a i l e d measurements o f t h e 
Cerenkou l i g h t i n a i r showers can be made w i t h t h e equipment. 
The auerage c h a r a c t e r i s t i c s o f t h e Cerenkou l i g h t i n showers 
17 
o f e n e r g i e s around - 5 x 10 eU are e s t a b l i s h e d . Measurements o f . b o t h 
t h e p h oton d e n s i t y and t h e d e t a i l s o f t h e l i g h t p u l s e shape are made 
a t core, d i s t a n c e s up t o about 600 m. The c u r u a t u r e o f t h e Cerenkou 
l i g h t f r o n t i n a i r showers i s a l s o d e t e r m i n e d , f r o m measurements o f t h e 
a r r i u a l t i m e s o f t h e l i g h t . A Cerenkou l i g h t measure o f p r i m a r y 
p a r t i c l e e nergy i s i d e n t i f i e d . The dependences o f t h e Cerenkou l i g h t 
p a r a m e t e r s on shower energy and z e n i t h a n g l e . a r e q u a n t i f i e d , and are 
used t o e s t i m a t e t h e s e n s i t i u i t i e s o f t h e parameters t o depth o f 
shower cascade maximum. The d a t a measured here agree w e l l w i t h e a r l i e r 
measurements, where such comparison may be made. 
The measured average c h a r a c t e r i s t i c s o f t h e Cerenkou l i g h t 
i n a i r showers a r e f o u n d t o be i n good agreement w i t h p r e d i c t i o n s 
f r o m t h e r e c e n t computer s i m u l a t i o n s . Comparison o f t h e e x p e r i m e n t a l 
1 1 
and t h e o r e t i c a l d a t a , l e a d s t o an e s t i m a t e of t h e auerage atmospheric 
depth a t which showers reach cascade maxima. I t i s n o t p o s s i b l e , 
however, t o i n t e r p r e t t h i s e s t i m a t e i n terms o f p r i m a r y p a r t i c l e mass, 
F i n a l l y , t h e f l u c t u a t i o n s i n Cerenkou l i g h t s i g n a l s are 
examined, by s t u d y i n g t h e l i g h t measurements made i n a s m a l l sample 
of i n d i u i d u a l showers. ' I t i s shown t h a t f l u c t u a t i o n ualues o f 
Cerenkou l i g h t p a r a m e t e r s , c o n t a i n i n f o r m a t i o n about shower deuelop-
ment, which i s a d d i t i o n a l t o t h a t d e r i u e d from t h e auerage c h a r a c t e r -
i s t i c s o f t h e l i g h t p arameters. ' An upper l i m i t f o r the range o f 
a t m o s p h e r i c depths ouer which showers reach cascade deuelopment 
maxima, as a r e s u l t o f u a r i a t i o n s i n t h e nucleon i n t e r a c t i o n s i n 
t h e i r cascades, i s d e r i u e d . 
• I t i s c o n c l u d e d t h a t f u t u r e Cerenkou l i g h t measurements i n a 
l a r g e sample o f showers, may c o n t r i b u t e s i g n i f i c a n t l y towards t h e 
i d e n t i f i c a t i o n o f t h e masses o f t h e p r i m a r y cosmic r a y p a r t i c l e s . 
i i i 
PREFACE 
T h i s t h e s i s i s an account o f e x p e r i m e n t a l work c a r r i e d o u t 
a t t h e B r i t i s h U n i v e r s i t i e s ' O o i n t A i r Shower A r r a y a t Hauerah Park, 
i n Y o r k s h i r e . An experiment t o observe the Cerenkou l i g h t i n e x t e n -
s i v e a i r showers has been under deuelopment t h e r e , s i n c e 1972. I n 
t h e p e r i o d from 1974 t o 1975, t h e e x p e r i m e n t a l equipment was 
c o m p l e t e l y r e b u i l t i n o r d e r t o make th e improued measurements, which 
are r e p o r t e d i n t h i s work. 
The a u t h o r p l a y e d a major p a r t i n t h e d e s i g n , c o n s t r u c t i o n 
and commissioning o f t h e improved Cerenkou l i g h t d e t e c t i o n a p p a r a t u s , 
which i s d e s c r i b e d i n Chapter 3. He was w h o l l y r e s p o n s i b l e f o r the 
r o u t i n e o p e r a t i o n and maintenance o f t h e experiment d u r i n g i t s f i r s t 
p e r i o d o f o p e r a t i o n , , i n t h e U.K. w i n t e r o f 1975/76. Together w i t h 
h i s c o l l e a g u e s , he shared t h e work o f measuring t h e f i l m r e c o r d s 
g a t h e r e d i n t h i s p e r i o d . 
The i n f o r m a t i o n on t h e shower a r r i u a l d i r e c t i o n s , , core 
p o s i t i o n s and e n e r g i e s , which i s used f o r t h e r e s u l t s p r e s e n t e d i n 
t h i s t h e s i s , -was o b t a i n e d from a n a l y s e s o f t h e Haverah Park p a r t i c l e 
d e t e c t o r d a t a , p r o v i d e d by t h e U n i u e r s i t y o f Leeds. Using t h i s 
i n f o r m a t i o n , t h e a u t h o r was w h o l l y r e s p o n s i b l e f o r t h e e x p e r i m e n t a l 
r e s u l t s p r e s e n t e d i n Chapters 4, 5 and 6, w i t h t h e excepcion o f t h e 
d e t e r m i n a t i o n o f t h e l i g h t f r o n t r a d i i o f c u r u a t u r e d e s c r i b e d i n 
Chapter 4. • 
None o f t h e m a t e r i a l i n t h i s t h e s i s has p r e u i o u s l y been s u b m i t t e d 
by t h e a u t h o r t o Durham, or any o t h e r u n i u e r s i t y , f o r a d m i t t a n c e t o a 
degree. 
CIIAI' r i l( l)NL 
INTRODUCTION 
1.1 The Cosmic R a d i a t i o n 
The .presence o f an i o n i z i n g r a d i a t i o n a t t h e s u r f a c e o f t h e 
Earth,, was f i r s t suggested t o account f o r o b s e r u a t i o n s by C.T.R. Wilson 
( t h e o r i g i n a t o r o f t h e Wilson Cloud Chamber).. I n 1900, he obserued 
t h a t an i n s u l a t e d g o l d l e a f e l e c t r o s c o p e l o s t i t s charge euen when t h e 
g r e a t e s t c a r e was t a k e n w i t h i t s i n s u l a t i o n . - The r a d i a t i o n i o n i z e d t h e 
gas i n t h e e l e c t r o s c o p e and r e s u l t e d i n i t s d i s c h a r g e ( W i l s o n ( l 9 0 l ) ) . 
A s e r i e s o f b a l l o o n f l i g h t s by Hess ( l 9 1 2 ) and K o l h o r s t e r ( l 9 1 4 ) c a r r i e d 
e l e c t r o s c o p e s t o a l t i t u d e s up t o 9200 m and showed t h a t the i n t e n s i t y 
o f t h e r a d i a t i o n i n c r e a s e d t o t e n t i m e s i t s s e a - l e u e l v a l u e a t t h i s 
h e i g h t , t h u s e s t a b l i s h i n g t h a t t h e r a d i a t i o n was e x t r a - t e r r e s t r i a l i n 
o r i g i n . I t . h a s become known as cosmic r a d i a t i o n and i t s i n v e s t i g a t i o n 
has l e d t o i m p o r t a n t d i s c o v e r i e s i n p h y s i c s , i n c l u d i n g t h e d i s c o u e r y o f 
t h e p o s i t r o n i n 1932 by Anderson-, and l a t e r , t h e d i s c o u e r i e s o f t h e 
|j,-meson and .Ti-meson. 
T h e . m a j o r i t y o f t h e known p r i m a r y cosmic r a d i a t i o n i n c i d e n t a t 
the t o p o f t h e atmosphere c o n s i s t s o f atomic n u c l e i ; m a i n l y p r o t o n s and 
l i g h t n u c l e i b u t . w i t h a s m a l l p r o p o r t i o n o f h e a v i e r n u c l e i ; t o g e t h e r w i t h 
some e l e c t r o n s and gamma-rays. I t s most remarkable p r o p e r t y i s i t s wide 
9 20 
range o f e n e r g i e s which extends from l e s s than .10 t o a t l e a s t 10 eU per 
n u c l e u s . The energy spectrum o f the p r i m a r y cosmic r a d i a t i o n i s now 
r e l a t i u e l y w e l l known, and a s y n o p s i s o f t h e spectrum by Watson ( l 9 7 4 ) i s 
shown i n f i g . 1 . 1 . The i n t e g r a l energy spectrum can be r e p r e s e n t e d by a 
s i m p l e power law:-
N( > E) « E""^  ... equ.1.1 
w i t h t h e exponent, y, u a r y i n g s l o w l y w i t h energy. I n t h e energy range 
lo'''' t o lO^^eU Y has ualues o f 1.6 t o 1.7 ( s e e , f o r example, G r i g o r o u e t 
F i g u r e 1.1. Summary o f measurements o f 
t h e energy spectrum o f t h e 
p r i m a r y cosmic r a d i a t i o n , 
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ENERGY. eV. 
a l . (1971) ) . Between 3 x l o ' ' ^ and 1o'''''eU t h e spectrum i s s t e e p e r w i t h 
Y = 2.4, and a t t h e h i g h e s t e n e r g i a s t h e s l o p e i s y a 2 (see Edge (1974) ) . 
At t h e h i g h e s t e n e r g i e s l i t t l e i s known o f t h e mass o f t h e p r i m a r y cosmic 
r a y p a r t i c l e s . 
1.2, E x t e n s i v e ^ A i r Showers 
D i r e c t o b s e r v a t i o n s o f p r i m a r y cosmic r a y p a r t i c l e s have been meds 
14 
a t e n e r g i e s up t o about 10 e V , • n o t a b l y -with n u c l e a r e m u l s i o n s t a c k s or 
sp a r k chambers. These haue been e i t h e r f l o w n a t t h e t o p o f t h e atmosphere 
by b a l l o o n s or r o c k e t s ( e . g . Fowler e t a l . (196?) ) , or p l a c e d on 
s a t e l l i t e s ( G r i g o r o u e t a l . ( l 9 6 7 ) ) . 
14 
A t p r i m a r y e n e r g i e s g r e a t e r t h a n 10 eV t h e d e c r e a s i n g p a r t i c l e 
f l u x makes d i r e c t o b s e r v a t i o n o f t h e cosmic r a d i a t i o n i m p o s s i b l e ( f o r 
example, a t e n e r g i e s g r e a t e r t h a n 10 e l / , t h e f l u x o f p r i m a r y cosmic r a y 
- 2 - 1 
p a r t i c l e s i s l e s s t h a n one p a r t i c l e m y r a t t h e t o p o f t h e a t m o s p h e r e ) . 
S t u d i e s c f t h e s e h i g h energy p a r t i c l e s . c a n be made o n l y i n d i r e c t l y by 
o b s e r v i n g a t ground l e v e l t h e l a t e r a l l y e x t e n s i v e cascades o f secondary 
p a r t i c l e s produced i n i n t e r a c t i o n s o f t h e p r i m a r y p a r t i c l e s w i t h n u c l e i 
o f atoms o f t h e upper at m o s p i i e r e . The atmosphere e f f e c t i v e l y a c t s as a 
p a r t i c l e a m p l i f i e r and spreads t h e cascade o f p a r t i c l e s over an area t h a t 
may be as l a r g e as t e n s o f square k i l o m e t e r s a t s e a - l e u s l , so uery much 
i n c r e a s i n g t h e chance o f d e t e c t i n g t h e a r r i v a l o f a p r i m a r y p a r t i c l e . 
Known as " e x t e n s i u e a i r showers", ( E A S ) , these cascades o f p a r t i c l e s were 
f i r s t o b serued i n 1938 by Auger e t a l . and by K o l h o r s t e r e t a l . who found 
t h a t Geigar-.Muiler c o u n t e r s s e p a r a t e d by up t o 150 m, d e t e c t e d t h e a r r i u a l 
o f r a d i a t i o n i n c o i n c i d e n c e . 
1.2,1 The F o r m a t i o n o f an A i r Shower 
A p r i m a r y p a r t i c l e i n c i d e n t a t t h e t o p o f t h e atmosphere i n t e r a c t s 
s t r o n g l y w i t h n u c l e i o f a t m o s p h e r i c atoms. I t undergoes s e v e r a l i n t e r -
-2 a c t i o n s w h i l e t r a u e r s i n g t h e 1030 g cm o f atmosphere b e f o r e r e a c h i n g 
s e a - l e u e l . At each i n t e r a c t i o n i t i s t h o u g h t t h a t about h a l f t h e energy 
o f t h e p r i m a r y p a r t i c l e i s l o s t i n p r o d u c i n g a range o f secondary p a r t i c l e s ; 
m o s t l y pior.s t o g e t h e r w i t h kaons, . n u c l e o n s , a n t i - n u c l e o n s and o t h e r s t r a n g e 
p a r t i c l e s . These n u c l e a r - a c t i u e p a r t i c l e s form a compact shower c o r e . 
Some c f t h e charged p i o n s produced i n t h e n u c l e a r i n t e r a c t i o n s 
i n t e r a c t c a t a s t r o p h i c a l l y w i t h o t h e r a i r n u c l e i and produce more pi o n s 
— 2 
( t h e i n t e r a c t i o n l e n g t h o f p i o n s i n a i r i s o f t e n t a k e n as 120 g cm' ) . 
+ + 
Others decay by t h e r e a c t i o n T l " • jj, + v ( l i f e t i m e o f a charged p i o n 
—8 
i s 2.6 x 10 -s) and form t h e muon component o.f a shower. T h i s component 
i s h i g h l y p e n e t r a t i n g and many o f t h e muons s u r u i v e u n t i l t h e y reach 
ground l e v e l . The t r a n s v e r s e momentum w i t h which t h e pions are produced 
causes t h e cascades o f p a r t i c l e s t o spread l a t e r a l l y . . 
The n e u t r a l .pions produced i n t h e n u c l e a r cascade decay almost 
i n s t a n t a n e o u s l y ( l i f e t i m e o f Tl° i s 10 ''^  s ) i n t o two gamma-rays, each 
o f which i n i t i a t e s a p h o t o n - e l e c t r o n cascade. T h i s prcpagates p r i m a r i l y 
by t h e processes o f p o s i t r o n - e l e c t r o n p a i r p r o d u c t i o n , Compton s c a t t e r i n g , 
b r e m s s t r a h l u n g and i o n i z a t i o n . The e l e c t r o n - p h o t o n component o f an a i r 
shower grows by t h e s u p e r p o s i t i o n o f many o f these i n d i u i d u a l cascades, 
w i t h energy b e i n g c o n t i n u o u s l y f e d from the n u c l e a r component as more 
n e u t r a l p i o n s are produced. The e l e c t r o n s are c o n s i d e r a b l y a f f e c t e d by 
Coulomb s c a t t e r i n g , and so t h e e l e c t r o n - p h o t o n component o f a n ' a i r shower 
i s a l s c l a t e r a l l y spread o u t . 
Aueraged ouer a whole shower, t h e e l e c t r o n s are by f a r t h e most 
abundant p a r t i c l e s , a l t h o u g h most o f t h e energy o f a shower i s c a r r i e d 
by t h e n u c l e a r and muonic components. T y p i c a l l y 80% o f t h e t o t a l energy 
i s c a r r i e d by 10% o f t h e t o t a l p a r t i c l e s . 
, As an a i r shower develops i n t h e atmosphere, the t o t a l number 
of p a r t i c l e s i n t h e shower cascade f i r s t i n c r e a s e s t o a maximum and 
t h e n , as t h e energy o f t h e shower i s expended, t h e p a r t i c l e number 
s t a r t s t o decrease. On average, t h e r e f o r e , showers i n i t i a t e d by 
p r i m a r y p a r t i c l e s o f h i g h e r e n e r g i e s , p e n e t r a t e deeper i n t o t he 
atmosphere b e f o r e r e a c h i n g t h e i r cascade development maxima, than do 
showers i n i t i a t e d by lo w e r energy p r i m a r y p a r t i c l e s . The d e t a i l s o f 
the-cascade developments o f i n d i v i d u a l showers w i l l a l s o depend on 
v a r i a t i o n s i n t h e n u c l e a r r e a c t i o n s t a k i n g p l a c e i n t h e showers, as 
w e l l as on t h e p r i m a r y p a r t i c l e energy. I t i s reasonable t h a t t he 
mass o f t h e p r i m a r y p a r t i c l e w i l l c o n s i d e r a b l y i n f l u e n c e the f i r s t 
r e a c t i o n s i n a shower and may t h u s a f f e c t t h e o u e r a l l deuelopment o f 
the shower, t o o , 
1 , 2 . i i The Mass o f t h e Prim a r y P a r t i c l e 
C o n s i d e r a b l e i n t e r e s t i n t h e mass c o m p o s i t i o n o f p r i m a r y cosmic 
r a y s o f • t h e • h i g h e s t e n e r g i e s has been s t i m u l a t e d by the p o s s i b i l i t y 
o f d e t e r m i n i n g t h e i r p l a c e o f o r i g i n . The r a d i u s o f g y r a t i o n i n t h e 
1 6 ' 
g a l a c t i c magnetic f i e l d o f p r o t o n s o f e n e r g i e s about 10 eU i s comparable 
w i t h the. e x t e n t o f t h e magnetic f i e l d . Protons o f g r e a t e r e n e r g i e s are 
th u s e x p e c t e d t o escape from our g a l a x y , and a p r o t o n i c f l u x o f h i g h e s t 
energy p r i m a r y cosmic r a y s would suggest t h a t these p a r t i c l e s are o f 
e x t r a - g a l a c t i c o r i g i n . I n c o n t r a s t , i r o n n u c l e i , w i t h t h e i r g r e a t e r 
charge, a re l e s s m a g n e t i c a l l y r i g i d and are expected t o be c o n t a i n e d i n 
th e g a l a x y . A h i g h energy p r i m a r y cosmic r a y f l u x o f i r o n n u c l e i would 
i n d i c a t e g a l a c t i c o r i g i n . 
Perhaps more r e a l i s t i c a l l y , t h e magnetic c u t - o f f r i g i d i t y o f the 
g a l a x y may p r o g r e s s i u e l y e x c l u d e p r o t o n s , then l i g h t n u c l e i , l e a u i n g o n l y 
heauy n u c l e i i n t h e p r i m a r y cosmic r a y f l u x a t t h e h i g h e s t e n e r g i e s . I t 
has been suggested t h a t changes i n t h e s l o p e o f t h e p r i m a r y energy 
spectrum i n d i c a t e changes i n t h e mass c o m p o s i t i o n of t h e p r i m a r y p a r t i c l e s , 
A t t h e low e n e r g i e s where d i r e c t d e t e c t i o n i s p o s s i b l e , t h e mass 
c o m p o s i t i o n o f t h e p r i m a r y cosmic r a d i a t i o n has been determined w i t h good' 
r e s o l u t i o n f r o m n u c l e a r emulsion d a t a . The r e l a t i u e abundances o f t h e 
elements a r e shown i n f i g . 1 , 2 . There haue been i s o l a t e d cases o f t h e 
• d i r e c t i d e n t i f i c a t i o n o f h i g h e r energy p r i m a r y p a r t i c l e s - p r o t o n s , and 
14 15 
oxygen and c a l c i u m n u c l e i o f e n e r g i e s between 10 and 10 eU have been 
found - b u t t h e number o f o b s e r v a t i o n s i s t o o s m a l l t o i n d i c a t e r e l a t i v e 
abundances. 
The c h e m i c a l c o m p o s i t i o n o f t h e p r i m a r y p a r t i c l e s i n the a i r shower 
r e g i o n o f t h e energy spectrum i s u n c e r t a i n . Because o f t h e very i n d i r e c t 
n a t u r e ' o f t h e measurements, the r e s o l u t i o n i n c o m p o s i t i o n i s poor, but 
i t may. be p o s s i b l e t o d i f f e r e n t i a t e between a m a i n l y p r o t o n i c , mixed, or 
m a i n l y heavy n u c l e i p r i m a r y p a r t i c l e f l u x , A r e v i e w o f t h e a v a i l a b l e 
10 19 
dat a on p r i m a r y c o m p o s i t i o n i n t h e energy range 10 t o 10 eU, t o g e t h e r 
w i t h t h e i n t e r p r e t a t i o n s w i t h which t h e y were p r e s e n t e d , has been g i v e n 
by Sreekantan ( l 9 7 2 ) b u t t h e i m p l i c a t i o n s , however, are i n c o n c l u s i v e , 
1 , 2 . i i i F l u c t u a t i o n s i n A i r Shower L o n g i t u d i n a l Development 
The. d e t a i l s i n v o l v e d i n e s t i m a t i n g the. p r i m a r y p a r t i c l e mass 
c o m p o s i t i o n a t a i r shower e n e r g i e s depend t o some e x t e n t on t h e p a r t i c u l a r . 
parameter ( o r pa r a m e t e r s ) which i s i n v e s t i g a t e d . However, t h e r e i s a 
g e n e r a l approach which i s a p p l i c a b l e t o s e v e r a l obserued shower parameters. 
Computer s i m u l a t i o n s show t h a t t h e average c h a r a c t e r i s t i c s o f a i r showers 
do n o t v a r y s t r o n g l y w i t h p r i m a r y p a r t i c l e mass (D i x o n (1974) ) . I n f a c t , 
t h e average v a l u e s o f observed shower parameters v a r y as much between two 
d i f f e r e n t ( b u t p l a u s i b l e ) models, as t h e y do between a heavy (say i r o n 
n u c l e u s ) p r i m a r y p a r t i c l e and a p r o t o n p r i m a r y p a r t i c l e . For c o m p o s i t i o n 
F i g u r e 1.2. The r e l a t i u e abundances o f t h e 
elements i n t h e . p r i m a r y cosmic 
r a d i a t i o n a t e n e r g i e s l e s s than 
lO^'^eU. (From W i l d ( 1 9 7 5 ) . ) 
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d e t e r m i n a t i o n , parameters which are r e l a t i u e l y model independent b u t 
which s t i l l uary w i t h p r i m a r y mass need t o be f o u n d . The models 
suggest t h a t t h e s t u d y o f t h e f l u c t u a t i o n s i n the v a l u e s o f v a r i o u s 
parameters measured i n i n d i v i d u a l showers, may h e l p t o i d e n t i f y p r o t o n s 
i n t h e p r i m a r y cosmic r a y f l u x . 
The n u c l e a r cascade, which i s t h e backbone o f a-shower, i s • 
dominated by a v e r y few h i g h energy i n t e r a c t i o n s - perhaps sometimes 
o n l y t h e f i r s t i n t e r a c t i o n o f t h e p r i m a r y p a r t i c l e . I t i s re a s o n a b l e 
t h a t a p r i m a r y p r o t o n w i l l n o t c o m p l e t e l y l o s e i t s i d e n t i t y on i n t e r a c t -
i n g , b u t t h a t i t w i l l c o n t i n u e w i t h a s i g n i f i c a n t f r a c t i o n o f i t s 
i n c i d e n t energy. The p r o t o n w i l l d e p o s i t t h i s energy i n "lumps" 
d i s t r i b u t e d a t random a l o n g i t s path t h r o u g h the atmosphere. U a r i a t i o n s 
i n t h e way t h e energy i s d i s t r i b u t e d w i l l be r e f l e c t e d by v a r i a t i o n s i n 
th e v a l u e s o f observed shower parameters. 
I n c o n t r a s t , a heavy p r i m a r y p a r t i c l e can be expected t o d i s i n t e g -
r a t e i n t o a l a r g e number o f s e p a r a t e n u c l e i a t i t s f i r s t i n t e r a c t i o n . 
Each would t h e n c o n t i n u e i n d e p e n d e n t l y , and t h e s u p e r p o s i t i o n o f t h e 
"sub-showers" so formed would l e a d t o much reduced f l u c t u a t i o n s i n t h e 
va l u e s o f measured parameters o f t h e complete shower. 
The above s i t u a t i o n w i l l be enhanced by t h e l o n g e r mean f r e e p a t h 
—2 
f o r c o l l i s i o n w i t h an a i r nucleus o f a p r o t o n (•»80 g cm ) , compared 
-2 
w i t h t h a t o f a heavy p a r t i c l e (-»14 g cm f o r an i r o n n u c l e u s ) . Only 
p r o t o n p r i m a r y p a r t i c l e s can be expected t o o c c a s i o n a l l y p e n e t r a t e 
deeply i n t o t h e atmosphere b e f o r e i n i t i a l l y i n t e r a c t i n g , and t h e very 
low depth o f cascade maximum expected i n the r e s u l t i n g shower s h o u l d l e a d 
t o unique extreme f l u c t u a t i o n s i n t h e value s o f observed shower parameters, 
The model c a l c u l a t i o n s . b y Dixon (1974) have s i m u l a t e d t h e l o n g -
i t u d i n a l developments o f showers i n i t i a t e d by p r o t o n s and i r o n n u c l e i o f 
17 energy 10 eU. Fig.1.3 summarizes hou t h e developments o f i n d i v i d u a l 
showers i n each' group v a r y . The two curves shown f o r each p r i m a r y 
p a r t i c l e mass r e p r e s e n t t h e extreme cases o f e a r l y and l a t e cascade 
developments i n ' t h e atmosphere, which are exceeded by about 5/J o f a l l 
showers. I t i s seen t h a t t h e spread i n t h e depths a t which i n d i v i d u a l 
p r o t o n i n i t i a t e d showers reach t h e i r cascade development maxima, i s 
much g r e a t e r t h a n t h e spread i n t h e depths o f t h e cascade development 
maxima o f i n d i v i d u a l i r o n n u c l e u s i n i t i a t e d showers. The model shows 
t h a t t h i s i s r e f l e c t e d by t h e f l u c t u a t i o n s i n the v a l u e s o f many shower 
parameters o b s e r v e d a t ground l e v e l . The f l u c t u a t i o n s are about f i v e 
t i m e s g r e a t e r f o r p r o t o n i n i t i a t e d showers, than f o r i r o n nucleus 
i n i t i a t e d showers, a c c o r d i n g t o t h e model. 
1.3 Cerenkov L i g h t i n E x t e n s i v e A i r Showers 
F o l l o w i n g t h e s u g g e s t i o n by B l a c k e t t i n 1948, t h a t Cerenkov 
l i g h t i s e m i t t e d on t h e passage o f cosmic r a y p a r t i c l e s t h r o u g h t h e 
atmosphere, G a l b r a i t h and D e l l e y ( l 9 5 3 ) f i r s t d e t e c t e d Cerenkov l i g h t 
f r om t h e n i g h t sky. They observed l i g h t p u l s e s i n c o i n c i d e n c e w i t h 
e x t e n s i v e a i r - s h o w e r s , which p r o v i d e d the h i g h l o c a l e l e c t r o n concen-
t r a t i o n s necessary t o produce enough Cerenkov l i g h t t o be v i s i b l e above 
th e background l i g h t o f t h e n i g h t sky. 
• Many o f t h e e l e c t r o n s i n e x t e n s i v e a i r showers are s u f f i c i e n t l y 
• e n e r g e t i c t o r a d i a t e v i s i b l e Cerenkov l i g h t . The d e t e c t i o n of t h e 
l i g h t p r o v i d e s an a l t e r n a t i v e method t o t h e more, u s u a l one o f p a r t i c l e 
d e t e c t i o n f o r . i n v e s t i g a t i n g shower p r o p e r t i e s . Perhaps the"most 
d i s t i n g u i s h i n g f e a t u r e o f t h i s method i s t h a t , whereas a l l o t h e r e x t e n s i v e 
a i r shower measurements y i e l d i n f o r m a t i o n m a i n l y about the l a t e r a l 
d i s t r i b u t i o n o f p a r t i c l e e n e r g i e s and • d e n s i t i e s ; and then o n l y f o r t h e 
p a r t i c u l a r a t m o s p h e r i c l e v e l a t which t h e equipment i s s i t u a t e d ; t he 
F i q u r e 1.3. • U a r i a t i o n s i n t h e l o n g i t u d i n a l 
developments o f t h e e l e c t r o n 
cascades o f i n d i v i d u a l cosmic 
17 
r a y showers o f energy 10 e\l 
(5% l i m i t s ) . (From t h e 
s i m u l a t i o n s by Dixon ( l 9 7 4 ) . ) 
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Cerenkov l i g h t t e c h n i q u e i n p r i n c i p l e y i e l d s i n f o r m a t i o n on shower 
l o n g i t u d i n a l h i s t o r y . The l i g h t r e a c h i n g t h e o b s e r v a t i o n l e v e l i s n o t 
p r o p o r t i o n a l t o t h e l o c a l p a r t i c l e d e n s i t y , b u t t o t h e path l e n g t h o f 
a l l t h o s e p a r t i c l e s , w h i c h , a t some time d u r i n g shower development 
and decay, were e n e r g e t i c enough t o r a d i a t e Cerenkov l i g h t . 
Cerenkov l i g h t measurements, t h e n , would seem a good place t o 
s t a r t a s e a r c h f o r parameters e x h i b i t i n g f l u c t u a t i o n s s e n s i t i v e t o 
shower l o n g i t u d i n a l development and p r i m a r y p a r t i c l e mass. 
As i s d i s c u s s e d more f u l l y i n Chapter 2, t h e Cerenkov photons i n 
an e x t e n s i v e a i r shower are v e r y numerous and so are e a s i l y and r e l i a b l y 
d e t e c t e d . However, e x p e r i m e n t s can. be c a r r i e d o u t o n l y d u r i n g c l e a r , 
moonless n i g h t s and so have a low d u t y c y c l e . 
The . f i r s t e x p l o r a t o r y measurements o f t h e l a t e r a l d i s t r i b u t i o n 
o f Cerenkov l i g h t i n e x t e n s i v e a i r . showers were made by J e l l e y and co-
workers ( s e e , f o r example, D e l l e y ( l 9 5 8 ) ) . These were f o l l o w e d by t h e 
work of.Chudakov e t a l . ( l 9 6 0 ) , who o p e r a t e d l i g h t r e c e i v e r s i n c o n j u n c t -
•ion w i t h an e x t e n s i v e a i r shower p a r t i c l e d e t e c t o r a r r a y a t an a l t i t u d e 
o f 3860 m,- and made measurements o f t h e d i s t r i b u t i o n o f the Cerenkov 
l i g h t a t c o r e d i s t a n c e s between 10 and 250 m i n showers o f e n e r g i e s around 
10''^eU. 
K r e i g e r and B r a d t ( l 9 6 9 ) used ah a r r a y o f Cerenkov l i g h t d e t e c t o r s 
a t t h e Chac^altaya. a i r shower a r r a y t o measure t h e r a t i o o f Cerenko'v 
"IS 
photon d e n s i t y t o p a r t i c l e d e n s i t y . Showers o f e n e r g i e s between 10 and 
17 
10 eU, which are near t o cascade development maximum a t the a r r a y a l t i t u d e 
o f 5200 m, were s t u d i e d . Using model c a l c u l a t i o n s s i m i l a r t o those o f 
La P o i n t e . e t a l . ( l 9 6 8 ) , a s m a l l number o f showers r i c h i n Cerenkov l i g h t 
were i n t e r p r e t e d as an i n d i c a t i o n o f a p r i m a r y cosmic r a y f l u x o f mixed 
12 
c h e m i c a l c o m p o s i t i o n , much as i t is- a t 10 eU. 
Wore r e c e n t l y , o b s e r v a t i o n s o f t h e .Cerenkov l i g h t i n showers 
17 • 
o f e n e r g i e s up t o about 5 x. 10 eU have been made a t t h e Yakutsk a i r 
shower a r r a y , which i s a t s e a - l e v e l . These o b s e r v a t i o n s have been 
r e p o r t e d by Efimov e t a l . (1973) and by Dyakanov e t a l . ( l 9 7 3 ) . Some 
measurements o f t h e w i d t h o f t h e observed l i g h t p u l s e s are g i v e n by 
these autihors as w e l l as measurements o f t h e l a t e r a l d i s t r i b u t i o n o f t h e 
l i g h t . 
1.4 The Scope o f t h i s T h e s i s 
An e x p e r i m e n t t o observe t h e Cerenkov l i g h t produced i n e x t e n s i v e 
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a i r showers o f e n e r g i e s between about 10 and 10 eU has been d e v e l o p i n g 
a t t h e Haverah Park e x t e n s i v e a i r shower a r r a y s i n c e 1972. T h i s t h e s i s 
i s concerned w i t h t h o s e Cerenkov l i g h t measurements made t h e r e d u r i n g 
t h e w i n t e r , o f 1975/76, when t h e e x p e r i m e n t a l equipment was f i r s t improved 
t o i t s p r e s e n t s p e c i f i c a t i o n . 
A d e s c r i p t i o n o f t h e r e l e v a n t t h e o r e t i c a l aspects o f t h e c h a r a c t e r -
i s t i c s o f Cerenkov l i g h t , and a b r i e f account o f t h e most r e c e n t computer 
s i m u l a t i o n s o f i t s p r o p e r t i e s i n e x t e n s i v e a i r showers, are g i v e n i n 
Chapter 2. . 
Chapter 3 d e s c r i b e s i n d e t a i l t h e d e t e c t i o n and r e c o r d i n g equipment 
used f o r t h e Cerenkov l i g h t o b s e r v a t i o n s , and i n c l u d e s an account o f t h e 
performance o f t h e equipment. 
The average c h a r a c t e r i s t i c s o f t h e Cerenkov l i g h t observed i n t h e 
showers r e c o r d e d a re g i v e n i n Chapter 4. D e t a i l e d measurements o f t h e 
shapes o f t h e observed l i g h t p u l s e s are d e s c r i b e d , as w e l l as measurements 
o f t h e l a t e r a l d i s t r i b u t i o n o f t h e Cerenkov l i g h t . Some measurements o f 
the r e l a t i v e t i m e s a t which t h e Cerenkov l i g h t a r r i v e s a t t h e v a r i o u s 
d e t e c t o r , p o s i t i o n s , are a l s o r e p o r t e d . 
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I n Chapter 5, t h e measured average c h a r a c t e r i s t i c s o f t h e 
Carenkov l i g h t i n e x t e n s i v e a i r showers, are compared w i t h t h e r e s u l t s 
from t h e most r e c e n t computer s i m u l a t i o n s . The s i m u l a t i o n r e s u l t s 
c o n s i d e r e d a r e t h o s e by P r o t h e r o e and Turver ( l 9 7 7 ) . The e x p e r i m e n t a l 
measurements are a l s o compared w i t h t h e r e s u l t s o f o t h e r w o r k e r s , where 
such comparisons may be made. 
F i n a l l y , i n Chapter 6, t h e Cerenkov l i g h t measurements made i n 
a s m a l l number o f i n d i v i d u a l showers are examined. Evidence t h a t 
i n d e p e n d e n t Cerenkov l i g h t parameters show c o r r e l a t e d f l u c t u a t i o n s t h a t 
a r i s e f r o m v a r i a t i o n s i n shower cascade development, i s fo u n d . 
The o v e r a l l aim o f t h e program' o f Cerenkov l i g h t measurements a t 
Haverah Park, i s t o det e r m i n e how the measurements can be used t o 
i n v e s t i g a t e t h e mass c o m p o s i t i o n of t h e most e n e r g e t i c p r i m a r y cosmic 
r a y p a r t i c l e s . The work d e s c r i b e d i n t h i s t h e s i s i s a s t e p i n t h a t 
d i r e c t i o n . The average f e a t u r e s o f t h e Cerenkov l i g h t a r e e s t a b l i s h e d 
and t h e parameters most s u i t a b l e f o r f u r t h e r s t u d y can be i d e n t i f i e d . 
The s t u d i e s . o f t h e Cerenkov l i g h t measurements made i n i n d i v i d u a l showers, 
demonstrate t h a t t h e measurements are s e n s i t i v e t o v a r i a t i o n s i n shower 
cascade development. However, t h e ne x t stage o f t h e argument - t h e 
e x t e n s i o n t o comment on t h e mass o f t h e p r i m a r y p a r t i c l e s - must a w a i t 
measurements of. Cerenkov l i g h t i n a much l a r g e r sample o f showers. 
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CHAPTER TliJO ' 
THEORETICAL ASPECT'S OF CERENKOU LIGHT IN EXTEN5IUE AIR SHOiilERS 
The t h e o r y o f t h e p r o d u c t i o n o f Cerenkov l i g h t i s examined i n 
t h i s Chapter. R a d i a t i o n from a s i n g l e p a r t i c l e i s d e a l t w i t h f i r s t , 
and t h e n f o l l o w s a b r i e f r e v i e w o f t h e most r e c e n t computer s i m u l a t i o n s 
o f t h e c h a r a c t e r i s t i c s o f t h e Cerenkov l i g h t i n e x t e n s i v e a i r showers. 
The i m p l i c a t i o n s o f these t h e o r e t i c a l r e s u l t s f o r the design o f an 
ex p e r i m e n t t o d e t e c t t h e l i g h t produced i n e x t e n s i v e a i r . showers, are 
c o n s i d e r e d . 
2.1 Cerenkov R a d i a t i o n from a S i n g l e P a r t i c l e 
E l e c t r o m a g n e t i c r a d i a t i o n i s produced whenever a charged 
p a r t i c l e t r a v e r s e s a d i e l e c t r i c medium w i t h a v e l o c i t y i n excess o f t h e 
phase v e l o c i t y o f l i g h t i n t h a t medium. The f i r s t e x p e r i m e n t a l 
s t u d i e s o f t h i s r a d i a t i o n by Cerenkov (1934,1937) were f o l l o w e d by a 
s a t i s f a c t o r y t h e o r e t i c a l i n t e r p r e t a t i o n by Frank and Tamm ( l 9 3 7 ) based 
on c l a s s i c a l e l e c t r o m a g n e t i c t h e o r y . For the purposes o f t h i s t h e s i s , 
t h e a c c o u n t s o f t h e e f f e c t by D e l l e y (1958,1967), or t h a t by Boley (1964) 
are w h o l l y adequate. 
The passage o f a charged p a r t i c l e t h r o u g h a medium s e t s up a 
t r a n s i e n t p o l a r i z a t i o n o f t h e medium around t h e p a r t i c l e t r a c k , which 
r e s u l t s i n t h e e m i s s i o n o f r a d i a t i o n . F i g . 2 . 1 ( a ) shows an e l e c t r o n 
[bassin'g some p o i n t S i n t h e medium. When t h e e l e c t r o n i s a t p o i n t e^, 
the l o c a l p o l a r i z a t i o n v e c t o r a t S, P^, w i l l be d i r e c t e d a t t h e r e t a r d e d 
p o s i t i o n o f t h e e l e c t r o n , e^ '. As t h e e l e c t r o n proceeds t o p o i n t e^, .the 
p o l a r i z a t i o n v e c t o r t u r n s and p o i n t s t o t h e new r e t a r d e d p o s i t i o n e^. 
F i g . 2 . T ( b ) shows t h e t i m e v a r i a t i o n o f t h e r a d i a l and a x i a l components 
o f t h e p o l a r i z a t i o n v e c t o r a t S. The r a d i a l components do not c o n t r i b u t e 
F i g u r e 2.1. Thi; L r a n s i n n l . p o l a r i z a t i o n 
produced by t h e passage o f 
a charged p a r t i c l e t h r o u g h 
a d i e l e c t r i c medium, showing:-
( a ) t h e l o c a l p o l a r i z a t i o n 
v e c t o r , P, a t a p o i n t , S, 
and ( b ) t h e t i m e v a r i a t i o n 
o f i t s r e s o l v e d components. 
(From O e l l e y ( l 9 5 8 ) . ) 
F i g u r e 2.2. ( a ) Huygen's c o n s t r u c t i o n t o 
i l l u s t r a t e t h e coherence o f 
Cerenkov r a d i a t i o n , 
( b ) The f o r m a t i o n o f t h e 
Cerenkov l i g h t cone. (From 



















t o t h e . r a d i a t i o n s i n c e t h e y are a x i a l l y symmetric and so l e a d t o no 
r e s u l t a n t f i e l d a t - l a r g e d i s t a n c e s . The a x i a l components combine t o 
f orm a r e s u l t a n t a x i a l d i p o l e . f i e l d a t l a r g e d i s t a n c e s , which t a k e s 
t h e form o f t h e d e r i v a t i v e o f a d e l t a - f u n c t i o n , and i t i s these com-
ponents which are i n v o l v e d i n the p r o d u c t i o n o f Cerenkov r a d i a t i o n . 
The. d i s c u s s i o n , so far' concerns o n l y a s i n g l e element of p a r t i c l e 
t r a c k , o f l e n g t h comparable t o t h e wavelength o f t h e e m i t t e d r a d i a t i o n . 
I n g e n e r a l , t h e r a d i a t e d w a v e l e t s from a l l p a r t s o f t h e t r a c k w i l l 
i n t e r f e r e d e s t r u c t i v e l y so t h a t t h e r e i s s t i l l no r e s u l t a n t f i e l d a t 
l a r g e d i s t a n c e s . However, i f t h e v e l o c i t y o f the passing p a r t i c l e i s 
g r e a t e r t h a n t h a t o f l i g h t i n t h e medium, i t i s p o s s i b l e f o r w a v e l e t s 
f r o m d i f f e r e n t p o r t i o n s o f t h e p a r t i c l e t r a c k t o be i n phase and so 
t o produce a r e s u l t a n t f i e l d . The Huygen's c o n s t r u c t i o n shown i n 
f i g . 2 . 2 ( a ) shows t h a t t h e r a d i a t i o n produced i s observed o n l y a t a 
p a r t i c u l a r a n g l e , 0, w i t h r e s p e c t t o the p a r t i c l e t r a c k , a t which 
t h e w a v e l e t s from a l l p a r t s o f t h e t r a c k are c o h e r e n t . The coherence 
c o n d i t i o n o c c u r s i f t h e p a r t i c l e t r a v e r s e s AB i n t h e same time as the 
l i g h t p r opagates from A t o C. I f t h e p a r t i c l e v e l o c i t y i s pc, then i n 
a t i m e At t h e p a r t i c l e t r a v e l s a d i s t a n c e : -
AB = pc At 
and i f t h e r e f r a c t i v e i n d e x o f t h e medium i s n, t h e l i g h t t r a v e l s : -
AC' = - At 
n . 
So from t h e coherence c o n d i t i o n t h e fundamental Cerenkov r e l a t i o n i s 
o b t a i n e d : -
1 cos9 = n ... equ.2.1 Pn 
Three c o n d i t i o n s f o l l o w i m m e d i a t e l y from t h i s : -
( i ) Only p a r t i c l e s f o r which j3n > 1 can produce Cerenkov l i g h t . 
Thus f o r a g i v e n r e f r a c t i v e i n d e x t h e r e i s a t h r e s h o l d 
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• p a r t i c l e v e l o c i t y givron by ' 
. • ' • 1 • 
^min ~ n . ... equ.2.2 
( i i . ) For an u l t r a - r e l a t i v i s t i c p a r t i c l e w i t h P = 1 , t h e r e i s 
a maximum angle o f e m i s s i o n g i v e n by 
©max = "°"'Xn) "^ "'^ -^  
( i i i ) Cerenkov r a d i a t i o n can occur o n l y a t those f r e q u e n c i e s f o r 
which n > 1 ; i n t h e microwave, i n f r a r e d , v i s i b l e and u l t r a -
v i o l e t p a r t s o f t h e spectrum, b u t n o t i n t h e x- r a y and y-vay 
r e g i o n s . 
F i g . 2 . 2 ( a ) has been drawn o n l y i n one p l a n e . Because o f t h e 
a x i a l symmetry, t h e r a d i a t i o n does i n f a c t occur over t h e s u r f a c e o f a 
cone o f semi-apex a n g l e 0, t h e a x i s o f which i s t h e p a r t i c l e t r a c k (see 
f i g , 2 . 2 ( b ) ) . The e l e c t r o m a g n e t i c f i e l d on t h e s u r f a c e o f t h e cone i s 
such t h a t t h e e l e c t r i c f i e l d v e c t o r i s everywhere normal t o the s u r f a c e , 
and t h e magnetic f i e l d v e c t o r t a n g e n t i a l t o i t . 
From t h e r e s u l t s f i r s t d e r i v e d by Frank and Tamm (1937) t h e energy 
dE I b s t t o Cerenkov photons o f wavelengths between and a 
p a r t i c l e o f charge ze, i n t r a v e r s i n g a path l e n g t h dL, i s : -
X2 
dE _ ,_2 2 2 
dL • 
/ 2 2 2 r, 1 V dX 
, X l 
where n i s t h e - r e f r a c t i v e i n d e x o f t h e medium and pc i s v e l o c i t y o f the 
p a r t i c l e . Two.points o f i n t e r e s t a r i s e from t h i s : -
( i ) The r a t e o f , p r o d u c t i o n o f Cerenkov photons i s i n v e r s e l y 
p r o p o r t i o n a l t o t h e square, o f t h e wavelength o f t h e photons. 
So t h e spectrum o f Cerenkov l i g h t i s much e n r i c h e d a t t h e 
s h o r t e s t wavelengths a t which i t s p r o d u c t i o n i s p'ossible, 
i n t h e \',\J, and b l u e r e g i o n s . 
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( i i ) The r a t e o f p r o d u c t i o n o f Cerenkou photons i s p r o p o r t i o n a l 
t o t h e square o f t h e charge o f t h e r a d i a t i n g p a r t i c l e , 
2,2 . Cerenkov R a d i a t i o n i n t h e Atmosphere ' . 
The r e f r a c t i v e . i n d e x o f a i r a t S.T.P. i s n = 1,00029 and i s so 
c l o s e t o u n i t y t h a t . t h e f e a t u r e s o f Cerenkov r a d i a t i o n i n t h e atmosphere 
d i f f e r c o n s i d e r a b l y f r o m t h o s e e n c o u n t e r e d w i t h s o l i d and l i q u i d media. 
The p r o d u c t i o n t h r e s h o l d e n e r g i e s o f p a r t i c l e s a r e h i g h e r ; t h e e m i s s i o n 
a n g l e s s m a l l e r ; and t h e p r o d u c t i o n r a t e s l o w e r t h a n f o r dense media:-
( i ) Equ.2.3 l e a d s t o a v a l u e o f 9 = 1.3° f o r t h e maximum 
. • • . • max 
an g l e o f em i s s i o n , o f Cerenkdv l i g h t e m i t t e d i n a i r a t S,T,P. 
by a p a r t i c l e w i t h p = 1 . Thus, i n a i r , t h e r a d i a t e d l i g h t 
i s q u i t e c l o s e l y d i r e c t i o n a l l y r e l a t e d t o t h e p a t h o f t h e 
r a d i a t i n g p a r t i c l e , 
( i i ) Equ.2,2 a l l o w s t h e t h r e s h o l d k i n e t i c e n e r g i e s o f v a r i o u s 
p a r t i c l e s i n a i r a t S,T.P. t o be f o u n d . They a re 21 fleU 
f o r e l e c t r o n s ; 4,3 GeU f o r muons; and 390 GeU f o r p r o t o n s , 
( i i i ) The p r o d u c t i o n r a t e o f Cerenkov photons by a p a r t i c l e o f 
one e l e c t r o n i c charge i n a i r a t S.T.P, can be o b t a i n e d f r o m 
-1 
equ.2,4. I t i s about. 30 photons m f o r e m i s s i o n a t wave-
. l e n g t h s i n t h e range 3500 - 5500 8 ( t y p i c a l o f t h e response 
o f most p h o t o m u l t i p l i e r s ) . 
* * * 
' Of c o u r s e , t h e above r e s u l t s a p p l y o n l y a t s e a - l e v e l and a t o t h e r 
. a l t i t u d e s must be m o d i f i e d t o a c c c u n t f o r t h e d i f f e r i n g r e f r a c t i v e i n d e x . 
. 3 e l l e y ( l 9 6 7 ) d e r i v e s t h e f o l l o w i n g r e s u l t s by w r i t i n g t h e r e f r a c t i v e 
ind.ex o f a i r as n = ( l . + 7 j ) and p o i n t i n g o u t that-?) v a r i e s w i t h a l t i t u d e . 
s i m i l a r l y t o a t m o s p h e r i c p r e s s u r e , as a f i r s t a p p r o x i m a t i o n : -
15. 
( i ) The maximum Cerenkov angle a t an a l t i t u d e h, a t which 
t h e p r e s s u r e i s p^, i s r e l a t e d t o t h a t a t s e a - l e v e l by:-
G p - = \ Y l h \ ^ ... equ.2.5 
. 9p i s t h e maximum angle a t s e a - l e v e l and p^ i s t h e s e a - l e v e l 
0 
p r e s s u r e . 
( i i ) The form o f t h e v a r i a t i o n w i t h a l t i t u d e o f t h e t h r e s h o l d 
• k i n e t i c energy o f a p a r t i c l e i s : -
.1 
E . = E . , p . ^ ... equ.2.5 min,p^ min,p^/_o'\ 
• where E . i s t h e t h r e s h o l d k i n e t i c energy a t a l t i t u d e h, 
m i n , p ^ . 
a t which t h e p r e s s u r e i s p^ , and E . i s the s e a - l e v e l 
. ^h' min,po 
t h r e s h o l d k i n e t i c energy. 
( i i i ) For an i s o t h E i r m a l a tmosphere we have t h e a l t i t u d e v a r i a t i o n 
o f r e f r a c t i v e i n d e x c o n t a i n e d i n : - " 
-A / h 
T] = 2.9 X 10 exp^-
.where h^ = 7.1 km, i s t h e s c a l e h e i g h t of t h e atmosphere. 
O.elley shows t h a t t h e p r o d u c t i o n r a t e o f Cerenkov photons 
i s p r o p o r t i o n a l t o 7|, and so f o r t h e a l t i t u d e v a r i a t i o n o f 
t h e p r o d u c t i o n r a t e we have:-
( f ) = ( f I ^ ^ - P ^ f ) h h=o 0 
The f e a t u r e s o f Cerenkov l i g h t i n t h e atmosphere d e s c r i b e d so 
f a r w i l l be c o n s i d e r a b l y m o d i f i e d . b y m u l t i p l e Coulomb s c a t t e r i n g o f t h e 
r a d i a t i n g p a r t i c l e s . The Cerenkov a n g l e , Q^, i n a i r i s so low t h a t t h e 
s c a t t e r i n g a n g l e s , 0 , even f o r t h e r e l a t i v i s t i c e n e r g i e s o f p a r t i c l e s 
s 
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i n e x t e n s i v e a i r showert;, are c f t e n l a r g e r , so t h a t many o f t h e 
d i r e c t i o n a l f e a t u r e s o f Cerenkov r a d i a t i o n a r e masked by t h e s c a t t e r i n g . 
The mean square s c a t t e r i n g a n g l e has been d e r i v e d by Rossi and Gr i e s e n 
(194-1) a s:-
< 2 \. E ^ 9g. / = r a d i a n s ... equ.2.8 • 
P ¥ 
where. E = 21 Me.l', i s a c o n s t a n t ; p i s t h e momentum o f t h e p a r t i c l e ; 
and t i s t h e p a r t i c l e p a t h l e n g t h expressed i n r a d i a t i o n l e n g t h s . For 
-2 
a i r , t h e r a d i a t i o n l e n g t h i s = 37.7 g cm , and from equ.2.8 we f i n d 
MeU 
t h a t f o r p = 100 t y p i c a l o f t h e momentum o f e l e c t r o n s i n an ex-
c 
, -- r:° 
s 
w; 
t e n s i v e a i r . s h o w e r , 0 - 12", much l a r g e r t han t h e Cerenkov em i s s i o n 
a n g l e . 
Other processes which a f f e c t t h e observed c h a r e c t e r i s t i c s of 
Cerenkov l i g h t produced i n t h e atmosphere are ozone a b s o r p t i o n , a e r o s o l 
a t t e n u a t i o n and R a y l e i g h s c a t t e r i n g . A l l e n ( l 9 5 5 ) g i v e s f o r t h e a b s o l u t e 
t r a n s m i s s i o n o f t h e atmosphere i n t h e z e n i t h 63%, Ti% and 80^ f o r t h e 
a v e l e n g t h s 4000, 450Q and 5000 r e s p e c t i v e l y . For o b s e r v a t i o n s away 
from t h e z e n i t h t h e se f i g u r e s . w i l l , o f c o u r s e , be reduced; atmospheric 
t r a n s m i s s i o n v a r y i n g as t h e secant o f t h e z e n i t h angle ( f o r a source 
o u t s i d e t h e atmosphere,, s t r i c t l y ) . D e t a i l e d i n f o r m a t i o n or a e r o s o l 
a t t e n u a t i o n end R a y l e i g h s c a t t e r i n g has been g i v e n by Elterman ( 1 9 5 8 ) . 
The processes o f d i s p e r s i o n , d i f f r a c t i o n and r e f r a c t i o n do n o t 
s i g n i f i c a n t l y a f f e c t Cerenkcv l i g h t produced i n . t h e atmosphere ( O e l l e y 
(1967) ) . 
. * * * 
Any e x p e r i m e n t t o observe Cerenkov l i g h t i n t h e atmosphere must 
o p e r a t e i n t h e presence o f t h e background l i g h t o f the n i g h t sky. O e l l e y 
7 - 2 - 1 -1 
(1958) quotes a f i g u r e o f = 6.4 x 10 photons cm s s r f o r photons 
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i n t h e w a v e l e n g t h range 4300 - HSOO 8 as t f i e n i g h t l i g h t f l u x , but 
. p o i n t s o u t t h a t t h i s f i g u r e may v a r y g r e a t l y . w i t h s i t e l o c a t i o n and 
c o n d i t i o n s . Commenting on t h e spectrum o f t h e n i g h t sky, A l l e n ( l 9 5 5 ) 
s t a t e s t h a t ' t h e i n t e n s i t y o f t h e continuum r a d i a t i o n r i s e s s t e a d i l y by 
about a f a c t o r o f s i x between 360.0 and 6500 8.- T h i s i s f o r t u n a t e f o r 
t h e o b s e r v a t i o n o f Cerenkov l i g h t , t h e spectrum o f which peaks towards 
t h e b l u e , as a l r e a d y d i s c u s s e d . The continuum r a d i a t i o n i s composed 
o f s t a r l i g h t , d i f f u s e g a l a c t i c l i g h t and z o d i a c a l l i g h t . Superimposed 
on i t are many l i n e s and m o l e c u l a r bands; i n t h e v i s i b l e r e g i o n t h e 
0^ l i n e a t 5577 8 and t h e OH bands between 5600 and 5900 8 a r e , n o t a b l e . 
(See, f o r example, B l a c k w e l l , Ingham and Rundle ( l 9 6 0 ) . ) 
2.3 Cerenkov R a d i a t i o n i n E x t e n s i v e A i r Showers 
The l a r g e m a j o r i t y o f t h e Cerenkov l i g h t . p r o d u c e d i n e x t e n s i v e 
a i r showers i s r a d i a t e d by e l e c t r o n s . This i s so because the Cerenkov 
l i g h t p r o d u c t i o n t h r e s h o l d o f an e l e c t r o n i s much lower than t h a t o f any 
o t h e r p a r t i c l e , and because e l e c t r o n s a re by f a r t h e most numerous 
p a r t i c l e s i n a shower cascade. About 85% o f shower e l e c t r o n s a r r i v i n g 
a t . s e a - l e v e l have e n e r g i e s • above t h e s e a - l e v e l p r o d u c t i o n t h r e s h o l d o f 
21 rieU. 
For .each shower e l e c t r o n " r e a c h i n g s e a - l e v e l t h e r e are about 100 
r a d i a t i o n l e n g t h s o f e l e c t r o n p a t h i n t h e atmosphere.. Equ.2.7 l e a d s t o 
t h e r e s u l t t h a t about 4 x 10^'Cerenkov photons are produced f o r each 
e l e c t r o n a r r i v i n g at s e a - l e v e l ( B o l e y (1964) ) . The n u m e r i c a l excess 
o f Cerenkov photons over p a r t i c l e s i n an e x t e n s i v e a i r shower makes them 
much more e a s i l y d e t e c t e d . A t l a r g e d i s t a n c e s f r o m shower c o r e s , measure-
ments o f t h e Cerenkov l i g h t f l u x can be made w i t h o u t t h e s t a t i s t i c a l 
l i m i t a t i o n s i n h e r e n t i n t h e measuring o f the v e r y s m a l l p a r t i c l e d e n s i t i e s 
t h a t occur a t these p o s i t i o n s i n showers. 
The unique aspect, of the Cerenkou l i g h t a r r i v i n g at ground 
l e u e l i n an extensive a i r shower, i s t h a t i t i s not p r o p o r t i o n a l .to 
the l o c a l p a r t i c l e number, but to i t s i n t e g r a l ouer the whole h i s t o r y 
of the shower. The s i g n a l r e g i s t e r e d by a p a r t i c u l a r detector w i l l 
be a complex sum of the c o n t r i b u t i o n s of a l l those electrons t h a t , 
at one time or another i n t h e i r p a r t i c i p a t i o n i n the shower development, 
r a d i a t e l i g h t i n t o the acceptance s o l i d angle of t h a t detector. I n 
p r i n c i p l e then, the c h a r a c t e r i s t i c s of the l i g h t r e f l e c t the o v e r a l l 
development of the shower through the atmosphere. They may r e l a t e to 
the depth i n t o the atmosphere of the i n i t i a l i n t e r a c t i o n of the primary 
p a r t i c l e , and hence to the mass of the primary (as o u t l i n e d i n 
Chapter 1 ) . 
2.4 Computer Simulations of Cerenkov Light i n Extensive A i r Showers 
Simulations of the c h a r a c t e r i s t i c s of Cerenkov l i g h t i n a i r 
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showers of energies s i m i l a r to those detected at Haverah Park ( > 1 0 eU) 
have been c a r r i e d out at Durham U n i v e r s i t y as part of a larg e r program 
of work i n v o l v i n g many aspects of extensive a i r showers. 
-2.4.i. The Hodel by Smith and Turver (1973) 
The f i r s t simulations were of the Cerenkov l i g h t produced i n 
proton i n i t i a t e d showers, and were c a r r i e d out by Smith and Turver (1973). 
The model of the hadron cascade by Cocconi et a l . (1961) was used to 
c a l c u l a t e the numbers of pions of various energies produced i n the nuclear 
cascade at various heights i n the atmosphere. From t h i s pion d i s t r i b u t -
i o n , the electrons g i v i n g r i s e to the ma j o r i t y of the Cerenkov r a d i a t i o n 
were derived. The development of the elec t r o n cascade was followed by 
using cascade theory under Approximation A to consider the i n i t i a l higher 
energy p a r t i c l e s , and then the r e s u l t s from the 3-D Monte-Carlo c a l c u l a t -
ions by Vessel and Crawford (l969) to trace the lower energy p a r t i c l e s . 
1? 
The t o t a l e l e c t r o n t r a c k l e n g t h was evaluated and the. numbers of 
o p t i c a l Cerenkou photons reaching ground l e v e l a t various core 
distances were c a l c u l a t e d . Fig.2.3(a) shows the r e s u l t s f o r the 
average l a t e r a l d i s t r i b u t i o n of the Cerenkov l i g h t ( i n the wavelength 
range 3 5 0 0 - 5000 S) produced i n showers i n i t i a t e d by v e r t i c a l l y 
15 16 17 18 i n c i d e n t protons of energies 10 , 10 , 1 0 and 10 eU, The 
l a t e r a l l i g h t spread i s seen to be broader i n the lower energy showers. 
F l u c t u a t i o n s i n the po i n t s of i n t e r a c t i o n and i n the i n e l a s t i c -
i t y o f the nucleons, cause i n d i v i d u a l showers t o reach t h e i r cascade 
development maxima a t d i f f e r e n t depths i n the atmosphere. The a f f e c t 
o f such f l u c t u a t i o n s on the l a t e r a l d i s t r i b u t i o n of .the Cerenkov 
17 • l i g h t i n 10 eU proton i n i t i a t e d showers was also simulated. Fig.2,3(b) 
shows the r e s u l t s which suggest t h a t the l a t e r a l extent of the l i r ; h t 
d i s t r i b u t i o n i s an i n d i c a t i o n of shower development: the d i s t r i b u t i o n 
-broadens w i t h decreasing depth i n t o the atmosphere of shower cascade 
"""development maximum. However, i n the region of 200 m from the shower 
core,"the photon d e n s i t y i s seen to be independent of shower development 
and so should r e l a t e w e l l to the primary p a r t i c l e energy. 
I t was l a r g e l y , upon the basis of these s i m u l a t i o n data t h a t the 
present program of experimental work t o i n v e s t i g a t e the c h a r a c t e r i s t i c s 
of Cerenkov l i g h t i n high energy extensive a i r showers was commenced. 
2 . 4 . i i The Wodel by Protheroe and Turver (1977) 
The most recent s i m u l a t i o n s undertaken a t Durham are those by-
Protheroe and Turver ( l 9 7 7 ) . They inc o r p o r a t e the Feynman s c a l i n g 
hypothesis i n the model of the pion production. The production of • 
Cerenkou photons i n space and time i s r i g o r o u s l y simulated using 
Monte-Carlo techniques and the e f f e c t s of ozone absorption, aerosol 
a t t e n u a t i o n and Rayleigh s c a t t e r i n g on the progress of the Cerenkov 
Figure 2.3. C h a r a c t e r i s t i c s of the l a t e r a l 
d i s t r i b u t i o n of the Cerenkov l i g h t 
i n v e r t i c a l , proton i n i t i a t e d showers, 
according to the simulations by 
Smith and Turver ( l 9 7 3 ) . 
(a) The average l i g h t d i s t r i b u t i o n s 
i n showers of four primary energies. 
(b) The s e n s i t i v i t y to depth of 
shower.cascade development maximum 
shown t y the l i g h t d i s t r i b u t i o n s of 
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l i g h t through the atmosphere are included. D e t a i l s of the l i g h t 
pulse shape and the a r r i v a l time of the Cerenkov l i g h t are given, as 
w e l l as the l a t e r a l d i s t r i b u t i o n of the l i g h t . The r e s u l t s of the 
simulations are made s p e c i f i c to the 1975/76 Cerenkov l i g h t detection 
experiment at Haverah Park (described i n Chapter 3 ) . The s p e c t r a l 
response of the detectors used i n t h a t experiment i s folded i n t o the 
si m u l a t i o n s , and the e f f e c t s of the system bandwidth are accounted f o r 
by convoluting the temporal r e s u l t s w i t h an appropriate response 
f u n c t i o n . . The average c h a r a c t e r i s t i c s of the Cerenkov.light produced 
i n showers i n i t i a t e d by v e r t i c a l l y i n c i d e n t protons, alpha p a r t i c l e s 
16 17 18 and i r o n n u c l e i of energies 10 , 10 and 10 eU are determined. 
The r e s u l t s of the simulations suggest t h a t the average 
features of the Cerenkov l i g h t do not uniquely r e f l e c t e i t h e r the 
primary p a r t i c l e energy or mass, but tha t several.parameters are w e l l 
c o r r e l a t e d w i t h depth of shower cascade development maximum:-
( i ) The l a t e r a l l i g h t spreads i n showers developing higher i n 
the atmosphere-are broader than those i n showers developing 
lower i n . the atmosphere, i n agreement with the model by 
Smith and Turver ( l 9 7 3 ) . The exponent of a power law 
d e s c r i p t i o n of the l i g h t d i s t r i b u t i o n increases monotonically 
w i t h increasing depth of shower cascade development maximum. 
( i i ) The shape of the Cerenkoy l i g h t pulse i s also s e n s i t i v e 
to depth of shower cascade development maximum. At a l l 
core distances the r i s e - t i m e ( l O % - 90^) and the f u l l - w i d t h -
half-maximum (50^ - 50%) of the l i g h t pulse increase mononton-
i c a l i y ' w i t h increasing depth of cascade maximum; although 
the v a r i a t i o n of the pulse r i s e - t i m e i s much less than t h a t 
of the full-width-half-maximum. Other l i g h t pulse shape 
parameters - the top-time {90% - 90%) and the f a l l - t i m e 
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(90/O - 50%) - also vary w i t h depth of shower cascade 
development maximum,, but riot i n such a simple way, 
( i i i ) The curvature of the Cerehkov l i g h t f r o n t i n extensive 
a i r showers i n d i c a t e s depth of shower cascade development 
maximum, too. The l i g h t f r o n t i s near-spherical:and i t s 
radius decreases monotonically with increasing depth of 
shower cascade maximum. 
The simulations also suggest t h a t at core distances greater than 
about 100 m, the temporal s t r u c t u r e of the Cerenkov l i g h t pulse mirrors 
the o v e r a l l form cf the development of the shower e l e c t r o n cascade. 
Despite the e f f e c t s of the refra&tive index of the atmosphere, the f i r s t 
l i g h t reaching ground l e v e l o r i g i n a t e s highest i n the atmosphere, and 
so on. Thus, the r i s e - t i m e of the l i g h t pulse i n p r i n c i p l e r e f l e c t s 
the growth, of the e l e c t r o n cascade. S i m i l a r l y , the top-time of the 
l i g h t pulse i s a measure of.the width of the el e c t r o n cascade i n the 
region of the cascade development maximum, and the l i g h t pulse f a l l -
time r e l a t e s to the decay of the e l e c t r o n cascade. 
The r e s u l t s of the simulations by Prctheroe and Turver (.1977) 
are compared w i t h the experimental measurements of the present work 
i n Chapter 5. There, some of the simul a t i o n r e s u l t s are i l l u s t r a t e d 
i n the appropriajte f i g u r e s . 
2,5 I m p l i c a t i o n s f o r Experiment Design 
The t h e o r e t i c a l r e s u l t s presented i n t h i s Chapter c l e a r l y show 
t h a t measurements of several Cerenkov l i g h t parameters can be made i n 
large a i r showers. They give much guidance f o r the design of an 
experiment to make the measurements. 
The r e s u l t s of the computer simulations suggest t h a t Cerenkov 
photon f l u x e s w e l l above the background l i g h t of the night sky occur 
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out to core distances of about 500 m i n showers of energy as low as 10 eU. 
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An array of simple, small aroa l i g h t rlotccturs should be quite 
adequate f o r observation, of the l i g h t . Measurements of the l i g h t 
f l u x w i t h an accuracy of -5% should be precise enough to show up the 
predicted d i f f e r e n c e s i n the shapes of the l a t e r a l l i g h t d i s t r i b u t i o n s 
i n showers reaching cascade development maxima at d i f f e r e n t atmospheric 
depths. Also, t h i s measurement p r e c i s i o n should be s u f f i c i e n t f o r 
shower core l o c a t i o n analyses on the basis of the Cerenkov photon 
density measurements. I t may be possible to estimate primary p a r t i c l e 
energy from the photon density at 200 m core distance. 
I t i s also evident, from the simulations by Protheroe and 
Turver ( l 9 7 7 ) , t h a t w i t h a system of 10 ns response time, useful 
measurements of various Cerenkov l i g h t pulse shape parameters should 
be obtained at core distances greater than about 200 m. (Closer to 
the core than t h i s , the observed l i g h t pulses are l i k e l y to be 
"bandwidth l i m i t e d " . ) The values of the Cerenkov l i g h t pulse shape 
parameters vary monotonically w i t h core distance, making shower core 
l o c a t i o n analyses', on the basis of measurements of these parameters 
j u s t as f e a s i b l e as the more conventional use of s i g n a l density 
measurements f o r shower a n a l y s i s . 
Measurements of the r e l a t i v e a r r i v a l time of the Cerenkov l i g h t 
at s p a t i a l l y separated detectors would allow the curvature of the 
l i g h t f r o n t s of i n d i v i d u a l showers to be determined. Good timing 
accuracy would be necessary: i n a shower w i t h a s p h e r i c a l l i g h t f r o n t 
of r a dius 8. km ( t y p i c a l of the l i g h t f r o n t r a d i i predicted by the' 
simulations by Protheroe and Turver (1977) ) l i g h t would a r r i v e at a 
detector s i t u a t e d at the shower core impact p o i n t only 47 ns before 
i t s a r r i v a l at a second detector 500 m d i s t a n t . So pursuing timing 
accuracies as precise as -2 ns would be worthwhile with a detector 
baseline of t h i s order. 
23 
As f a r as the i n t e r p r e t a t i o n of experimental r e s u l t s i n terms 
of primary p a r t i c l e mass i s coocernKd, the aim of the present work 
i s to avoid r e l i a n c e on model c a l c u l a t i o n s . The si m u l a t i o n r e s u l t s 
suggest t h a t many Cerenkov l i g h t parameters measured at ground l e v e l 
are r e l a t e d to depth of shower cascade'development maximum. However, 
while estimates of t h i s depth may be obtained by comparing experimental 
measurements w i t h the s i m u l a t i o n r e s u l t s , subsequent i d e n t i f i c a t i o n 
of primary p a r t i c l e mass i s e n t i r e l y dependent on the model of the 
high energy nuclear physics assumed i n the simulations. A possible 
approach to the problem of f i n d i n g the primary p a r t i c l e mass without 
r e l i a n c e on d e t a i l e d s i m u l a t i o n r e s u l t s , may be to study the f l u c t u a t -
ions from average, of values of various Cerenkov l i g h t parametersi 
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CHAPTER-THREE . 
THE ATnOSPHERIC CERENKOU LIGHT DETECTOR ARRAY AT HAl/ERAH PARK 
Since 1972, an experiment to measure the c h a r a c t e r i s t i c s of the 
• _ . c 
Cerenkov l i g h t t h a t i s produced i n large cosmic ray a i r showers has 
been under' development at the s i t e of the Haverah Park a i r shower array, 
near Harrogate i n . Yorkshire ( l a t i t u d e 53° 58.2' longitude 1° 38.2' W; 
mean a l t i t u d e above sea-level 222 m). This Chapter describes the 
current experimental arrangements there. A b r i e f survey of the previous 
work.is given f i r s t , since i t i s from t h i s that the present system has 
been derived. Then f o l l o w s a d e t a ^ i l e d d e s c r i p t i o n of the present 
equipment and a re p o r t of i t s performance during i t s f i r s t period of 
ope r a t i o n , 
3,1 Previous Observations of Atmospheric Cerenkov Light at Haverah Park 
The f i r s t attempt to observe Cerenkov l i g h t produced i n showers 
detected by the Haverah Park a i r shower array was made by Smith and 
Turver during the U.K. winter of 1972/73. A sin g l e 7" diameter photo-
m u l t i p l i e r (E.n.I, type 9623) p o i n t i n g v e r t i c a l l y upwards and without 
any o p t i c a l system was used'to obtain measurements i n about 100 showers 
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.of energies i n the order of 3 x 10 eU, i n c i d e n t at zenith angles less 
than 60°. 
The f o l l o w i n g winter (1973/74) the same workers extended the 
system to an array of s i x l i g h t detectors, a l l s i m i l a r to the one of 
the i n i t i a l experiment, to make measurements of the l a t e r a l d i s t r i b u t i o n 
of the Cerenkov l i g h t i n i n d i v i d u a l showers. The l i g h t signals 
r e g i s t e r e d by each detector were fed along r e l a y cable to a c e n t r a l 
recording s t a t i o n , s u i t a b l y delayed, displayed on a multi-beam 
o s c i l l o s c o p e and recorded p h o t g r a p h i c a l l y . The oscilloscope was 
t r i g g e r e d by the Haverah Park 500 m p a r t i c l e detector array and the 
t o t a l bandwidth of the system was about 1 MHz. At the time of w r i t i n g 
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the r e s u l t s of t h i s experiment remain unpublished. 
Neither of the experiments at llaveroh Park had attempted to 
preserve d e t a i l s of the shape of tlio Cerenkov l i g h t pulse or to measure 
the time of a r r i v a l of the l i g h t , and i t was the improving of the system 
bandwidth to t r y to measure these temporal parameters t h a t gave r i s e to 
the work reported i n t h i s t h e s i s . 
During the next winter (1974/75), an array of 7 f a s t response 
l i g h t detectors was commissioned at Haverah Park. Again the type of 
detector - a simple E.M.I, type 9623 p h o t o m u l t i p l i e r with' no o p t i c a l 
system - and the method of recording -the photography of oscilloscope 
displays - remained e s s e n t i a l l y the same as before, but the bandwidth 
of each channel was improved to about 10 HHz, c h i e f l y by using b e t t e r 
q u a l i t y cable f o r the s i g n a l delays. The r e s u l t s of t h i s experiment 
included f u r t h e r measurements of the l a t e r a l d i s t r i b u t i o n of Cerenkov 
l i g h t ; the observation of a curvature to the l i g h t f r o n t ; and measure-
ments, of the l i g h t pulse r i s e - t i m e and full-width-half-maximum as 
f u n c t i o n s of core distance. The d e t a i l s of t h i s experiment and the 
r e s u l t s obtained have been reported by Orford et a l . (1975). 
I t was the f i n d i n g s , both s c i e n t i f i c and t e c h n i c a l , of the 
1974/75 work t h a t most influenced the design of the current Haverah 
Park Cerenkov l i g h t d e t e c t i o n experiment. Although no s p e c i f i c d e t a i l s 
of .the 1974/75 experiment, or of i t s r e s u l t s are given here, reference 
to c e r t a i n aspects of t h a t work w i l l be'made when describing the present 
system,, as a means of h i g h l i g h t i n g some design considerations. 
3.2 The Design of the Current Atmospheric Cerenkov Liqht Detector Array 
The cu r r e n t experiment to detect the Cerenkov l i g h t produced i n 
the extensive a i r showers selected by the Haverah Park p a r t i c l e detector 
ar r a y , was commissioned i n the U.K. winter of 1975/76. I t uses an array 
2 
of e i g h t l i g h t detectors spread over an area of about 1 km , as shown i n 
Figure 'S.']. Hin layout ol'' the array of 
atmospheric Cerenkov l i g h t 
d e t e c t o r s , commissioned at 
Haverah Park during the 
winter of 1975/76. 
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Scale. 
Figure 3.2. Schematic diagram of one complete 
channel of the atmospheric Cerenkov 
, l i g h t detector a r r a y . ( S i g n a l paths 
are i n d i c a t e d by double arrows; 
s i n g l e arrows represent other 
f u n c t i o n s . ) 
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f i g . 3 . 1 . The l i g h t detectors are mounted i n the roofs o f .the huts 
a t .HavRrah Park, and s i x of Lhi;iii ( l al.iellud 2,3,4,22,23,24, i n f i g . 3 . l ) 
a r e i n t h e same p o s i t i o n s ns tin:; p a r t i c l e detectors. The l i g h t 
detector l o c a t i o n s ' a r e known to w i t h i n about 30 cm. 
Like i t s forerunners, the experiment employs an analogue data 
recording system and t h i s i s located i n the hut housing detector 12. 
Fig.3.2 i s a schematic diagram o f one .complete channel o f the system 
and i t i s seen t h a t two cables connect each detector and the data 
recording system. Signals from each detector pass along the s i g n a l 
t r a n s i t cable and on a r r i v a l a t the recording system, are displayed on 
oscilloscopes and photographed. The command cable c a r r i e s a command 
from the data recording system which causes E.H.T. t o be applied t o 
the d e t e c t o r p h o t o j i i u l t i p l i e r s during n i g h t running periods. 
The data recording system also a u t o m a t i c a l l y c a l i b r a t e s the 
detectors and recording oscilloscopes, and monitors the night sky 
c l a r i t y . 
I n the d e t a i l e d d e s c r i p t i o n o f the equipment t h a t now f o l l o w s , 
the reader w i l l f i n d i t u s e f u l t o r e f e r t o f i g . 3 . 1 and f i g . 3 . 2 . 
3.2.i T r i g g e r i n g from the Haverah Park P a r t i c l e Detector Array 
The Haverah Park . extensive a i r shower p a r t i c l e detector array 
has been described many tim e s ( s e e , f o r example, Wilson et a l . (1963) 
or Tennent (l96 7 ) ) and only a very b r i e f account i s given here, 
c h i e f l y t o c l a r i f y the arrangements for the t r i g g e r i n g o f the atmospheric 
Cerenkov l i g h t d etection equipment. 
The l a y o u t o f the Haverah Park 500 m and 150 m p a r t i c l e detector 
arrays i s shown i n f i g . 3 . 3 . Three water Cerenkov detectors, A2, A3, A4 
are symmetrically spaced a t a radius o f 500 m about a f o u r t h s i m i l a r 
d e t e c t o r , A l . Each o f these detectors i s b u i l t up from 15 tanks of 
water, 120 cm deep, each viewed by a p h o t o m u l t i p l i e r which .detects a small 
Figure 3.3. The layout o f the array of 
























f r a c t i o n of the Cerenkou l i g h t emitted by p a r t i c l e s t r a v e r s i n g the 
water. The s i g n a l s from each tank are added g i u i n g a t o t a l s e n s i t i v e 
2 2 ' area of 32 m-. .Detectors-, 22, 23, 24 each c o n s i s t of 9 m of the same 
water tanks and are spaced 150 m from the c e n t r a l detector A1, 
The 500 m p a r t i c l e detector array reccrds an extensive a i r 
shower .liihen the density of p a r t i c l e s a t detector A1 and any two of 
detec t o r s A2, A3, A4 give a s i g n a l corre.sponding t o an energy loss 
_2 
greater than 0.3 equivalent muons ni w i t h i n a 4 p.s coincidence window. 
The t r i g g e r pulse obtained when t h i s coincidence requirement i s triet, 
occurs no sooner than 4.0 p,s a f t e r the c e n t r a l d e t e c t o r , A1, exceeds 
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the 0,3 muons m d i s c r i m i n a t i o n l e v e l . Signals from any detectors 
must be delayed by a t l e a s t t h i s time i f they are t o be displayed on 
an oscilJoscope located a t the c e n t r a l detector and t r i g g e r e d by- t h i s 
"500 m p a r t i c l e detector t r i g g e r " . I n pr a c t i c e , • d e l a y s . o f 5.3 |is are 
used t o all o w f o r the time taken f o r a shower t o traverse the array 
as w e l l as the time taken to generate-the coincidence pulse. (For 
each 500 m p a r t i c l e d e t e c t o r , about 2.3 |is of t h i s delay i s i n the 
underground transmission cable t h a t brings the s i g n a l s to the c e n t r a l 
r e c o r d i n g s t a t i o n . ) 
A i r showers detected as a r e s u l t of coincidences between 500 m 
p a r t i c l e detector s i g n a l s are r e f e r r e d t o as "500 m events" i n the 
-1 
t e x t and occur at a r a t e of about 1 hr . . . 
Usually, a l l s u b s i d i a r y experiments at Haverah Park are t r i g g e r e d 
by the 500 m p a r t i c l e detector t r i g g e r . The 150 m p a r t i c l e detector 
array i s not used to generate coincidences but.only to provide a d d i t i o n a l 
energy l o s s measurements i n showers selected by the 500 m p a r t i c l e 
d e t e c t o r s . However, f o r an analogue experiment t o observe the temporal 
c h a r a c t e r i s t i c s of - atmospheric Cerenkov l i g h t , the 500 m p a r t i c l e detect-or 
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t r i g g e r has a d i s t i n c t disoduaritngo. The comparrttiuely long time 
(about G.3. j i s ) t h a t any l i g h t s i g n a l must be delayed before being 
recorded on a display t r i g g e r e d by i t , leads to ah unacceptable 
lowering o f , t h e system bandwidth i n an a p p l i c a t i o n i n which the response 
time should, be as f a s t as possible i n order not to d i s t o r t the l i g h t 
pulse shape. (For example, the 1974/75 atmospheric Cerenkou l i g h t 
experiment at Hauerah Park had shown t h a t as f a r as 300 m from the 
shower core, l i g h t pulses with full-width-half-maxima as short as 40 ns 
are observ/ed.) 
To,overcome the long generation time of the 500 m p a r t i c l e detector 
t r i g g e r , the present Cerenkou l i g h t d etection experiment uses the 150 m 
p a r t i c l e detector array , to s e l e c t the showers recorded. I n a manner 
s i m i l a r to t h a t of the l a r g e r array of detectors, showers are selected 
when coi n c i d e n t p a r t i c l e d e n s i t i e s greater than 0.3 equivalent muons 
-2 
m , occur at the c e n t r a l detector, A1,- and at any two of detectors 
22, 23, 24,, The s m a l l e r • s p a t i a l separation of these detectors reduces 
the t r i g g e r generation time to 1.75 jj,s and also increases the r a t e at . 
_ - ] 
which showers are recorded , to-about 11 hr . 
This "150 m p a r t i c l e detector t r i g g e r " responds to a l l but the 
most d i s t a n t or i n c l i n e d of the showers selected by the 500 m p a r t i c l e 
d e t e c t o r s . (Of the 86 500 m events recorded during clear nights i n the• 
winter of, 1975/76, 68 were also' r e g i s t e r e d by the 150 m p a r t i c l e detector 
t r i g g e r ; the remaining 18 f a l l i n g outside the bounds of the 500 m array.) 
I n addition,, i t also r e g i s t e r s a much l a r g e r number of showers, of 
energies lower than those of 500 m events. These a d d i t i o n a l showers are 
r e f e r r e d . t o as "150 m events" i n the t e x t . Shower analyses on the basis 
of p a r t i c l e detector measurements are a v a i l a b l e only f o r 500 m events, 
and 150 m events must be analysed s o l e l y on the basis of the. recorded • 
Cerenkov l i g h t s i gnals i f these lower energy showers are to be studied. 
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3 . 2 . i i The Cerenkov Lig h t Detectors 
Each Cerenkov l i g h t detector consists of an R.C.A. type 4522, 
5" diameter p h o t o m u l t i p l i e r mounted v e r t i c a l l y upwards i n a simple 
aluminium box, as shown i n f i g . 3 . 4 . There i s no o p t i c a l system and 
the p h o t o m u l t i p l i e r views the sky through an almost h o r i z o n t a l , 
t h i c k glass window i n the roof of a Haverah Park hut. The dimensions 
of the window and detector housing are such t h a t almost the complete 
sky i s w i t h i n the f i e l d of view of the photo.multiplier. The dynode 
chain i s constructed on t w o - c i r c u i t boards mounted v e r t i c a l l y at the 
sides of the neck of the p h o t o m u l t i p l i e r . E.H.T. i s applied to the 
p h o t o m u l t i p l i e r by a r e l a y , which i s mounted i n the lower part of the 
detector box and i s a c t i v a t e d by the "on command" fed along the command 
cable from the c e n t r a l data recording system. 
A l i g h t e m i t t i n g diode (L.E.D.) i s mounted on the upper edge of . 
the p h o t o m u l t i p l i e r housing and i s used f o r the regular c a l i b r a t i o n of 
the detector gain. The l i g h t generated when.it i s i l l u m i n a t e d , i s 
di r e c t e d over the whole of the p h o t o m u l t i p l i e r face by a small mirror' 
(see f i g . 3 . 4 ) . A green L.E.D,- i s used i n preference to the more 
common red ones because i t s l i g h t output.has a spectrum more s i m i l a r 
to t h a t of atmospheric Cerenkov. l i g h t . 
A Nuclear Enterprises type:N.E. 130 r a d i o - a c t i v e l i g h t -source 
i s mounted on the face of each p h o t o m u l t i p l i e r . I t consists of an 
americium a-emitter i s o t r o p i c a l y embedded i n type N.E, 102 plas t i c -
s c i n t i l l a t o r , and i t . provides an e s s e n t i a l l y d e l t a - f u n c t i o n l i g h t 
-1 
pulse of about 2000 photons, at a r e p e t i t i o n r a t e of about 700 s 
This l i g h t source'enables the gain and temporal c h a r a c t e r i s t i c s of 
the detector t o be checked by an a l t e r n a t i v e method at various times 
during the operating season. 
Figure 3.4. One of the atmospheric Cerenkov 
l i g h t d e t e c t o r s . The side panel 
of the box has been removed to 
show the p h o t o m u l t i p l i e r and 
dynode chain. The L.E.D, and 
small m i r r o r at the top edge of 
the box are used to c a l i b r a t e 
the gain of the d e t e c t o r . 
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When v i e w i n g t h e n i g h t sky, a p h o t o m u l t i p l i e r i s r e q u i r e d t o operate 
i n t h e presence o f a background o f s t a r l i g h t and o t h e r s c a t t e r e d l i g h t 
s o u r c e s . The a p p l i e d E.H.T, must, t h e r e f o r e , be s u f f i c i e n t l y low t h a t 
t h i s ambient background l i g h t does n o t cause the maximum p e r m i s s i b l e 
D,C. anode c u r r e n t o f t h e p h o t o m u l t i p l i e r t o be exceeded. A l s o , a 
dynode c h a i n c u r r e n t much g r e a t e r t han t h e D.C, anode c u r r e n t i s 
needed t o a v o i d l a r g e charges i n p h o t o m u l t i p l i e r g a i n as t h e ambient 
background l i g h t v a r i e s . 
The R.C.A, t y p e 4522 p h o t o m u l t i p l i e r has an ab'solute maximum D,C. 
anode c u r r e n t r a t i n g o f 500 |iA and t h e e i g h t d e t e c t o r s were s e t up 
f i r s t l y by s e t t i n g t h e E.H.T, a p p l i e d t o each, t o g i v e D,C, anode 
c u r r e n t s o f about 200 [lf\ oh a c l e a r moonless n i g h t . ' The E.H.T. v a l u e s 
were t h e n trimmed t o make t h e complete channel g a i n s o f the more 
d i s t a n t l y l o c a t e d d e t e c t o r s (2,3,4 and 5) a p p r o x i m a t e l y equal and 
t w i c e t h a t o f t h e more c e n t r a l l y p l a c e d d e t e c t o r s ( l 2 , 22, 23 and 2 4 ) , 
t h e g a i n s o f which were a l s o a d j u s t e d t o be s i m i l a r . The f i n a l E.H.T. 
v a l u e s ranged from 1.90 t o 1.98 kU, which w i t h dynode c h a i n r e s i s t a n c e s 
o f 0.67 MQ, r e s u l t e d ' i n dynode c u r r e n t s o f 3 mA. These were some 15 
t i m e s g r e a t e r t h a i i t h e 200 ^ lA D.C, anode c u r r e n t s and t h e p h o t o m u l t i p l i e r 
g a i n s v a r i e d l i t t l e as the background l i g h t l e v e l changed. Between t h e 
b r i g h t e s t , c l o u d y and d a r k e s t , c l e a r , n i g h t s k i e s , t h e g a i n changes 
were nev/er more t h a n a f a c t o r o f two. 
I n t h e p r e s e n t e x p e r i m e n t no a t t e m p t i s made t o s t a b a l i z e these 
p h o t o m u l t i p l i e r g a i n v a r i a t i o n s , b u t r a t h e r , any changes i n g a i n are 
ta k e n i n t o account by f r e q u e n t l y c a l i b r a t i n g t h e d e t e c t o r s . T h is i s 
i n c o n t r a s t w i t h t h e method t h a t had been employed i n t h e 1974/75 
ex p e r i m e n t , f o r which 7" diam e t e r E , n , I , t y p e 9623 p h o t o m u l t i p l i e r s had 
been used; a g a i n w i t h h i g h dynode c h a i n c u r r e n t s and low a p p l i e d 
E.H.T.s; b u t w i t h an o p t i c a l s e r v o - l o o p t o h o l d t h e phototube g a i n s 
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completely constant. The anode current of each phototube had been 
monitored by sensing the voltage across the anode load r e s i s t o r : i f 
t h i s dropped, four L.E.D.s i n the f i e l d of view of the p h o t o m u l t i p l i e r 
were brightened, r a i s i n g the anode current once more and thus 
s t a b i l i z i n g the gain. 
The disadvantage w i t h such an o p t i c a l l y fed back automatic 
gain c o n t r o l ( A . G . C , ) i s i t s a d d i t i o n to the background sky noise 
which lowers, the s i g n a l - t o - n o i s e r a t i o of the detectors.. I t was fo r t h i s 
reason t h a t frequent c a l i b r a t i o n to take account of gain changes, was 
used i n preference, t o an o p t i c a l A . G . C . in. the present experiment.. I n 
f a c t , without the A , G , C . , no detectable gain changes occurred during 
the course of any one acceptably clear n i g h t : the only observed gain 
changes were between d i f f e r e n t n i g h t s . 
The d e l t a - f u n c t i o n l i g h t pulses of the type N.E, 130 ra d i o - a c t i v e 
l i g h t sources positioned on the p h o t o m u l t i p l i e r faces gave signals at 
the phototube outputs t h a t were ten times the background noise from a 
t y p i c a l , c l e a r n i g h t sky. However, the signal-to-noise r a t i o of a 
complete channel was reduced from t h i s f i g u r e , mainly by the bandwidth 
l i m i t of the s i g n a l t r a n s i t cable, making the smallest c o n f i d e n t l y 
measurable s i g n a l about 2000 photons ( i . e . t h a t given by the r a d i o -
a c t i v e l i g h t sources). 
* * * 
Before f i n a l l y commissioning the detectors, various checks of 
the p h o t o m u l t i p l i e r performances were c a r r i e d out i n the laboratory 
using an a r t i f i c i a l n i g h t sky background l i g h t . 
The manufacturer claims t h a t using a d e l t a - f u n c t i o n l i g h t , 
i n p u t , an output pulse w i t h a r i s e - t i m e of 2.3 ns and a f u l l - w i d t h - h a l f -
maximum of 6 ns can be obtained from a type 4522 p h o t o m u l t i p l i e r operated 
at an E.H.T. of 3 kv, although the performance a t lower E.H.T.s i s 
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expected to ,be slower. Testing w i t h the type N.E, 130 r a d i o - a c t i v e 
l i g h t sources achieved r i s e - t i m e s b e t t e r than 7 ns and f u l l - w i d t h -
half-maxima of 12 ns from a l l the p h o t o m u l t i p l i e r s , when operated at 
t h e i r working E.H.T.s around 1.9 kU. 
The l i n e a r i t y of each of the p h o t o m u l t i p l i e r s was checked by 
placing two polaroids between each phototube face and a green-L.E.D. 
l i g h t source, and va r y i n g , i n a way known from Malus's Law, the amount 
of l i g h t i n c i d e n t on the photocathode by a d j u s t i n g the angle between 
the p o l a r o i d s . The p h o t o m u l t i p l i e r s were found to be l i n e a r over a 
dynamic range of at l e a s t 50:1, the lower end of t h i s range corresponding 
to the amplitude of the smallest signals r e a d i l y d i s t i n g u i s h e d from 
the background noise of a t y p i c a l clear night sky. 
F i n a l l y , a check f o r d i f f e r e n c e s i n s p e c t r a l response from tube 
to tube was made. The detection e f f i c i e n c y of the photocathode and 
window as a f u n c t i o n of wavelength,claimed by the manufacturer,is 
shown i n f i g . 3 , 5 . S i m i l a r i t y between the p h o t o m u l t i p l i e r s was .checked 
by placing a range o f . f i l t e r s from deep v i o l e t to deep red between an 
incandescent bulb l i g h t source and each phototube i n t u r n . For each 
s p e c t r a l range the p h o t o m u l t i p l i e r s were found to have responses s i m i l a r 
t o w i t h i n ilO/o. 
3 . 2 . i i i The Local Detector E l e c t r o n i c s 
With each l i g h t detector i s a set of e l e c t r o n i c s , comprising a 
s i g n a l a m p l i f i e r , a c a l i b r a t i o n pulse generator and a stabalized E.H.T. 
supply. These are mounted close to the p h o t o m u l t i p l i e r housing. 
The s i g n a l a m p l i f i e r uses a type SN52733•video a m p l i f i e r i n t e g r a t e d 
c i r c u i t , the two d i f f e r e n t i a l outputs of which feed a double-sided emitter 
f o l l o w e r l i n e d r i v e r . I t s gain i s nominally 5, i t s bandwidth i s 70 riHz, 
and i t i s n o n - i n v e r t i n g . 
Figure 3.5. The d e t e c t i o n e f f i c i e n c y of 
the photocathode and window 
of an R.CA. type 4522 
p h o t o m u l t i p l i e r (manufacturer's 
s p e c i f i c a t i o n ) . 
I » I ' ' 
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The c a l i b r a t i o n pulse generator i l l u m i n a t e s the c a l i b r a t i o n 
L.E.D. of each detector when a c t i v a t e d by the c a l i b r a t i o n command 
generator of the data recording system. A p o s i t i v e going c a l i b r a t i o n 
command s i g n a l i s sent back up the s i g n a l t r a n s i t cable and i t s 
a r r i v a l a t the s i g n a l a m p l i f i e r output i s sensed by the c a l i b r a t i o n 
pulse generator, which then drives the c a l i b r a t i o n L.E.D. with a 
constant c u r r e n t source. Negative going Cerenkov l i g h t signals from 
the detector are unaffected by the c a l i b r a t i o n pulse generator. The 
temperature s t a b i l i t y of both the c a l i b r a t i o n pulse generator and the 
L.E.D, were tested and found to be ex c e l l e n t over the small range of 
temperatures encountered i n the huts i n which the detectors are 
mounted. ' . 
The p h o t o m u l t i p l i e r s are powered by s t a b i l i z e d negative E,H,T. 
supplies w i t h a current c a p a b i l i t y of 8 mA, and Harwell 95 Series L.T. 
u n i t s power the s i g n a l a m p l i f i e r s and c a l i b r a t i o n pulse generators, 
3.2.iv The Signal Delays-
I t i s necessary t o delay the .signals from the Cerenkov l i g h t 
detectors t o ' a l l o w time f o r the 150 m-particle detector t r i g g e r t o ' 
be generated and relayed to the data recording s t a t i o n , and also to 
adjust the a r r i v a l time of the l i g h t s i gnals to s u i t the requirements 
of the recording system, (These requirements are determined mainly 
by the.recording oscilloscope timebase sweep speeds.) The length 
of the s i g n a l delay i n each channel varies between 2.3 p,s and 3.0 \is 
and comprises mainly the s i g n a l t r a n s i t cable t h a t conveys the.signals 
from the detector to the data recording s t a t i o n , plus the a d d i t i o n a l • 
s i g n a l d i s p l a y delay. For a l l t h i s delay e i t h e r A e r i a l i t e type 4305 
or type 4303 high q u a l i t y r e l a y cable i s used. 
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The bandwidths of the s i g n a l delays were tested by passing a 
s e r i e s of pulses, of shape s i m i l a r to t h a t of atmospheric Cerenkov 
l i g h t s i g n a l s , along the cables and noting the e f f e c t on various 
pulse shape parameters. The delay cables of a l l channels were found 
to have e s s e n t i a l l y the same bandwidth and f i g . 3 . 6 shows how the 
r i s e - t i m e ( l O ^ - 90^), the f a l l - t i m e (90^ - 50^) and the f u l l - w i d t h -
half-maximum of the t e s t pulses were a f f e c t e d by the cables. I t i s 
seen t h a t even the f a s t e s t pulses achieved w i t h the type 4522 
p h o t o m u l t i p l i e r s w i l l be' only very s l i g h t l y d i s t o r t e d by the s i g n a l 
cables. 
* * * 
The 'bandwidths of the complete s i g n a l channels could be . 
conveniently checked w i t h the type N.E. 130 r a d i o - a c t i v e l i g h t sources, 
permanently mounted on the p h o t o m u l t i p l i e r faces. The d e l t a - f u n c t i o n 
l i g h t outputs produced by the l i g h t sources were passed through the 
complete system and observed on'the recording oscilloscopes. The 
pulses seen a l l had full-width-half-maxima i n the range 17 to 19 ns, 
and r i s e - t i m e s between 8.and 10 ns, i n d i c a t i n g the f a s t e s t signals to 
which the system would u s e f u l l y respond, and confirming t h a t the 
channel bandwidths were a l l e s s e n t i a l l y the same. 
3.2 .V The.Data Recording System 
The data recording system records the Cerenkov l i g h t signals 
detected i n the a i r showers selected by the 150m p a r t i c l e detector -
t r i g g e r , by photographing oscilloscope displays. I t also automatically 
c a l i b r a t e s the system, c o n t r o l s the operating periods of the equipment 
and monitors the n i g h t sky c o n d i t i o n s . 
Dealing, f i r s t w i t h the s i g n a l paths, a Cerenkov l i g h t pulse 
proceeds from the s i g n a l t r a n s i t cable, through the display delay and 
a r r i v e s at the s i g n a l i n t e r f a c e , where i t .is i n t e r r o g a t e d f o r dynamic 
Figure 3.G. The e f f e c t of the s i g n a l 
delay cables on t e s t pulses 
of shape s i m i l a r to t h a t of 
atmospheric Csrenkov l i g h t 
s i g n a l s . The pulse -shape 
parameters considered are:-
(a) the r i s e - t i m e ( l O ^ - 90^) 
(b) the f a l l - t i m e (90% - lOfo) 
( c ) the full-width-half-maximum. 
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range purposes, A f a s t d i s c r i m i n a t o r monitors the s i g n a l amplitude 
and on the a r r i v a l , of a pulse too la r g e f o r the oscilloscope Y-gain, 
switches on a 10 db att e n u a t o r connected i n the s i g n a l l i n e at the 
i n p u t of the r e c o r d i n g o s c i l l o s c o p e . The s i g n a l passes through the 
at t e n u a t o r delay cable,a nominal 100 ns of type U.R. 203 cable, to 
allow f o r the swit c h i n g time of the a t t e n u a t o r , and a r r i v e s at the 
i n p u t of the r e c o r d i n g o s c i l l o s c o p e . When the s i g n a l attenuator i s 
a c t i v a t e d by the pulse of a recorded event, i . e . i n coincidence w i t h 
the 150 m p a r t i c l e detector t r i g g e r t h a t i s fed to the s i g n a l i n t e r f a c e , 
an L.E'.D. i n the camera f i e l d of view i s i l l u m i n a t e d t o i n d i c a t e t h a t 
the recorded pulse has been attenuated. 
• * * * 
Three recording o s c i l l o s c o p e s are used i n a l l ; two Tektronix 
type 7403, each w i t h dual i n p u t a m p l i f i e r s , and a Tektronix type 556 
double beam, w i t h two dual i n p u t a m p l i f i e r s . Signals from two 
de t e c t o r s are displayed on each osci l l o s c o p e trace and are d i s t i n g u i s h e d 
by i n v e r t i n g one'of each p a i r . The s i g n a l s from the more c e n t r a l l y 
l o c a t e d d e t e c t o r s are recorded using timebase sweep speeds of 
-1 
100, ns d i v , and those from the remaining detectors are displayed on 
-1 
200 ns d i v timebases, the longer sweeps accommodating the l a r g e r 
a r r i v a l time j i t t e r s of the more d i s t a n t detector s i g n a l s . A type 
P.11 blue phosphor C.R.T. i s used i n each oscilloscope to make the 
photographic w r i t i n g speed as f a s t as possbile and a l l the oscilloscopes 
have a bandwidth of 50'MtHz. . - . ' 
Pulses of amplitude 0.3 div on the oscilloscope screens are 
about the smallest measurable and so the use of the one stage s i g n a l 
a t t e n u a t o r gives a dynamic range of about 50:1 f o r the recording 
system." The gain of a l l the oscil l o s c o p e a m p l i f i e r s i s 50 .mU div , 
and i s such t h a t the lower end of the dynamic range approximately 
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corresponds to the amplitude of the smallest s i g n a l s - r e a d i l y 
d i s t i n g u i s h e d from the background noise of a t y p i c a l clear night 
sky, a f t e r they haue passed tlirough the complete detector channels. 
The gain of each detector channel,,and the oscilloscope 
timebase sweep speeds, are automa t i c a l l y c a l i b r a t e d at h a l f - h o u r l y 
i n t e r v a l s during operating periods. The master clock i n the data 
recording system a c t i v a t e s the c a l i b r a t i o n command generator, which 
then sends the p o s i t i v e going c a l i b r a t i o n command pulses, v i a the 
s i g n a l i n t e r f a c e s , back up the s i g n a l t r a n s i t cables to each of 
the d e t e c t o r s . The c a l i b r a t i o n L.E.D.s of the detectors are 
i l l u m i n a t e d , and the t r i g g e r d i s t r i b u t o r i s informed at the 
appropriate i n s t a n t , so t h a t the c a l i b r a t i o n signals are recorded. 
The gains of the detectors can be c a l c u l a t e d from the amplitudes of 
the " a r t i f i c i a l " l i g h t pulses r e g i s t e r e d i n such a " c a l i b r a t i o n event". 
For the c a l i b r a t i o n of the recording oscilloscope timebase 
v e l o c i t i e s , the z-blanking u n i t i s also t r i g g e r e d by the c a l i b r a t i o n 
command generator. A series of avalanche t r a n s i s t o r s i s used to 
produce a very s h o r t , high voltage spike, which i s bounced down a 
f i x e d l e n g t h of A e r i a l i t e type 4301 r e l a y cable, the z-blanking 
delay ( i i ) . The period between the i n i t i a l voltage spike and i t s 
echo provides a,constant time i n t e r v a l standard. The two voltage spikes 
are fed to the z-modulation inputs of the recording oscilloscopes and 
produce t i m i n g markers on the oscilloscope traces of the c a l i b r a t i o n 
events. The z-blanking delay ( i ) , between the c a l i b r a t i o n command 
generator and- the z-blanking u n i t , i s included so t h a t the f i r s t 
z-blank occurs j u s t a f t e r the s t a r t of the timebase sweeps. The length 
of the time i n t e r v a l determining z-blanking delay ( i i ) i s such t h a t 
Figure 3.7. Examples of the f i l m records, 
(a) The atmospheric Cerenkov l i g h t 
pulses r e g i s t e r e d i n a shower 
selected by the Havetah Park 
p a r t i c l e detector a r r a y . The l i g h t 
d e tectors producing each of the 
s i g n a l s are i d e n t i f i e d . 






(b) The " a r t i f i c i a l " l i g h t pulses 
r e g i s t e r e d i n a c a l i b r a t i o n event. 
The amplitudes of the pulses i n d i c a t e 
the channel gains, and the z-blanks 
are timing markers f o r checking the 
oscilloscope timebase v e l o c i t i e s . 
detector 12 detector 22 
detector 24 detector 23 
detector 3 detector 5 
detector 2 detector 4 
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the second z-blank occurs j u s t before the end of the sweeps. 
* * * 
The recording oscilloscopes are a u t o m a t i c a l l y photographed 
a f t e r each; shower w i t h Shackman type AC2/25 35 mm cameras f i t t e d 
w i t h f1.9 lenses, Kodak type 2485 high speed recording f i l m i s 
used, and w i t h the type P,11 phosphor oscilloscope screens, a 
_ - ] 
photographic w r i t i n g speed of about 14D cni |is i s achieved. 
This i s s u f f i c i e n t t o show up the d e t a i l s of a l l but the very 
l a r g e s t and f a s t e s t Cerenkov l i g h t pulses observed, fl Haverah 
Park,half-minute solar time r e g i s t e r i s i l l u m i n a t e d i n the f i e l d 
of view of each camera, immediately a f t e r each shower, before the 
f i l m i s advanced, A 7-segment L.E.D. display i n d i c a t e s which type 
of shower has occurred ( e i t h e r a 150 m event, a 500 m event or a-
c a l i b r a t i o n event). Examples of the f i l m records of the l i g h t 
s i g n a l s recorded i n r e a l showers, and i n c a l i b r a t i o n events, are 
shown i n f i g , 3 , 7 , . 
* * * 
Sky c l a r i t y i s monitored by taking half-hour photographic 
exposures of the n i g h t sky w i t h the sky camera, which views the 
z e n i t h and has a f i e l d of view of about 40°, I t too i s f i t t e d w i t h 
a Haverah Park solar time r e g i s t e r , which i s i l l u m i n a t e d at the end 
of each exposure, a l l o w i n g those showers recorded during clear periods 
( i , e , when s t a r t r a i l s are v i s i b l e ) to be selected. Utmost care i s 
taken i n the s e l e c t i o n of showers. The only ones considered f o r 
an a l y s i s are those recorded during clear periods of at l e a s t one hour 
du r a t i o n when tracks of s t a r s down to 7th order magnitude are' v i s i b l e . 
Showers recorded i n misty conditions when a few s t a r s may s t i l l be 
v i s i b l e are not accepted. Fig,3,8 shows examples of the sky pic-tures 
obtained during acceptable and unacceptable weather co n d i t i o n s . 
Figure 3.8. • Examples of the time elapsed' 
photographs of the n i g h t sky, 
i l l u s t r a t i n g : -
(a) Acceptably clear c o n d i t i o n s , 
(b) Unacceptably misty c o n d i t i o n s , 
although a few s t a r - t r a i l s are 
s t i l l v i s i b l e . 
/ 
/ 




The operation times of the l i g h t detectors'and the data 
recording system are c o n t r o l l e d by the master clock,- which i s 
programmed f o r periods of moonless astronomical darkness. During 
these periods the clock a c t i v a t e s the command c o n t r o l and causes E.H.T. 
to be a p p l i e d to the p h o t o m u l t i p l i e r s . The command c o n t r o l also gates 
the t r i g g e r d i s t r i b u t o r so t h a t the recording system receives p a r t i c l e 
detector t r i g g e r s only when the l i g h t detectors are operating. As a 
safety precaution, the sky sensor, which uses a photo-resistor 
located under the window'of detector 12, overrides the master clock 
and turns o f f the detectors i f the sky brightness exceeds a pre-
scribed l e v e l , 
3,3 The Performance of the Cerenkov Light Detection Equipment 
, The atmospheric Cerenkov l i g h t d etection equipment described 
i n the previous s e c t i o n has operated at the Haverah Park a i r shower 
array throughout the U.K. winter of 1975/76. I t s performance during 
t h i s period i s now assessed. Described f i r s t i s the use of the 
c a l i b r a t i o n f a c i l i t i e s of the•equipment, to i n t e r r e l a t e the perform-
ances of the i n d i v i d u a l l i g h t detectors, and to account f o r slow 
v a r i a t i o n s of the c h a r a c t e r i s t i c s of the system during the operating 
season. Then the duty cycle of the experiment i s discussed and the 
way i n which the gathered data were measured i s described, 
3,3,i Gain C a l i b r a t i o n 
. I n order to compare the amounts of Cefenkov l i g h t recorded by 
d i f f e r e n t detectors i t i s necessary to know the gains of the complete 
detector channels, at l e a s t r e l a t i v e l y , and f o r some purposes 
a b s o l u t e l y , i n terms of numbers of photons i n c i d e n t on the photo-
cathodes, -
The measurement of- the r e l a t i v e gains of the complete detector 
channels was t a c k l e d i n two stages, . F i r s t l y , the gain of each 
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i n d i v i d u a l complete channel was monitored throughout the operating 
season by the h a l f - h o u r l y L.E.D, c a l i b r a t i o n s . Changes i n either-
p h o t o m u l t i p l i e r gain, s i g n a l a m p l i f i e r gain or oscilloscope 
Y-amplifier gain a l t e r e d the amplitude of the c a l i b r a t i o n s i g n a l s . 
Then, on p a r t i c u l a r clear nights during the operating season, 
the h a l f - h o u r l y L.E.D. c a l i b r a t i o n s of the detectors were i n t e r r e l -
ated, to enable the gains of the various.channels to be compared. 
' I 
A l i g h t source was taken to each detector i n - t u r n and positioned on 
the p h o t o m u l t i p l i e r i n a repeatable way such t h a t the whole of the 
photocethode was i l l u m i n a t e d . The amplitudes of the pulses produced 
by t h i s l i g h t source, as w e l l as those of the h a l f - h o u r l y L.E.D. 
c a l i b r a t i o n pulses, were measured on these n i g h t s . I n t e r r e l a t i n g 
the h a l f - h o u r l y L.E.D..calibrations of the i n d i v i d u a l detectors i n 
t h i s way, enabled the gain of any one detector channel, at any time 
during the operating season, to be compared with t h a t of any other 
channel, at any other time, w i t h an accuracy b e t t e r than. -5%. 
The amplitudes of the signals from the type I\I.E, 130 r a d i o - a c t i v e 
l i g h t sources permanently mounted on the p h o t o m u l t i p l i e r faces were 
also measured at-various times during the operating season and used to 
confirm the L.E.D, gain c a l i b r a t i o n . 
An attempt to measure absolutely the response of the detectors 
to a photon f l u x was made by r e l a t i n g the signals from each detector 
to the l i g h t output of one p a r t i c u l a r type N.E. 130 r a d i o - a c t i v e l i g h t 
source. The l i g h t pulse of t h i s source was estimated by Hartman and 
Ueekes ( l 9 7 6 ) to be 1725 i 350 photons. The estimate of the absolute 
response of the detectors so obtained, was thus accurate to w i t h i n ^ 20^. 
In the f o l l o w i n g Chapters, the r e s u l t s of the present work are 
presented i n terms of t h i s absolute c a l i b r a t i o n . Of course, the 
pr e c i s i o n w i t h which photon density measurements made with d i f f e r e n t 
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dete c t o r s a t d i f f e r e n t times are i n t e r r e l a t e d , does not depend on 
the absolute c a l i b r a t i o n . The r e l a t i v e c a l i b r a t i o n of the detectors 
i s known t o w i t h i n ^5^. 
The gain c a l i b r a t i o n showed t h a t no gain changes occurred i n 
-any channel during the course of any one clear n i g h t . However, gains 
d i d vary from n i g h t t o n i g h t and the p h o t o m u l t i p l i e r s showed an age-
i n g e f f e c t during the course of the w i n t e r ; t h e i r gains f a l l i n g s t e a d i l y 
by as much as a f a c t o r of two i n some cases. This was thought to be 
due to bleaching of the photocathodes by s u n l i g h t during the day. 
Fig,3.9 shows the gain decrease of the most and l e a ^ t a f f e c t e d channels. 
3 . 3 , i i Timing C a l i b r a t i o n • 
I n order to measure the a r r i v a l time of the Cerenkov photons 
a t one detector w i t h respect t o the a r r i v a l time of those a t another, 
i t i s necessary to know the t o t a l delay i n the s i g n a l path of the 
one channel - from 'the photons s t r i k i n g the p h o t o m u l t i p l i e r to the 
appearance of the pulse on the recording oscilloscope timebase -
r e l a t i v e t o t h a t of the other channel. To measure t h i s , the delay 
through the s i g n a l t r a n s i t cables and s i g n a l d i s p l a y delay cables 
must be taken i n t o ' account, as w e l l as the delay through the photo-
m u l t i p l i e r s and s i g n a l a m p l i f i e r s . The aittenuator delay cable and 
other connecting leads i n the data recording s t a t i o n w i l l also con-
f t r i b u t e .to. the t o t a l s i g n a l delay. The v e l o c i t y and l i n e a r i t y of 
the r e c o r d i n g o s c i l l o s c o p e timebases, and the di f f e r e n c e s i n . the 
t r i g g e r i n g time of each oscilloscope,must also be considered. 
• : The delay of a l l cables i n the s i g n a l path between the s i g n a l 
a m p l i f i e r output and the o s c i l l o s c o p e i n p u t of one channel, was 
compared w i t h t h a t of.another channel by simultaneously bouncing a 
pulse down the two cables and noting the time d i f f e r e n c e i n the 
Figure 3.9. Detector gain measurents made on 
clear n i g h t s , showing the gradual 
decrease i n gains during the 
1975/76 operation p e r i o d . This was 
thought to be caused by s u n l i g h t 
bleaching the photocathodes during 
the day. The measurements shown 
are f o r the l e a s t and most 
a f f e c t e d d e t e c t o r s . 
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return, of the echoes. Relative .cable delays were found to bett e r 
than -2 ns i n t h i s way. 
. The delay of each p h o t o m u l t i p l i e r and s i g n a l a m p l i f i e r was 
measured abs o l u t e l y to be t t e r than ^5 ns. This contributed t y p i c a l l y 
120 ns to the t o t a l s i g n a l delay, about 90 ns of which was the t r a n s i t : 
time thr.ough the p h o t o m u l t i p l i e r . 
Allowances f o r d i f f e r e n c e s i n the times taken f o r each record-
ing o s cilloscope to t r i g g e r were made by using the f i r s t z-blanks of 
• c a l i b r a t i o n events as,real-time coincidence markers. The time 
i n t e r v a l between the s t a r t of the timebase of a p a r t i c u l a r oscilloscope 
and the f i r s t blank, was subtracted from the time along the.timebase 
of Cerenkov.light pulses displayed on t h a t oscilloscope.. Delays of 
the l i g h t pulses from a w e l l defined point i n time were thus obtained. 
•Measurements of the recording oscilloscope timebase v e l o c i t i e s 
made wi t h the z-blanking u n i t every half-hour, showed th a t a l l sweep 
-1 
speeds remained constant to w i t h i n the measuring accuracy of 1 ns div 
during any-one n i g h t . However, v a r i a t i o n s between nights were revealed 
and these were taken i n t o account i n the c a l c u l a t i o n of Cere'nkov l i g h t 
pulse a r r i v a l times. 
Mo n - l i n e a r i t y of the recording oscilloscope timebases was also 
considered i n the c a l c u l a t i o n of l i g h t pulse a r r i v a l times. The 
timebase l i n e a r i t i e s were measured occasionally during the operating 
season using a c r y s t a l o c s i l l a t o r . No evidence t h a t they varied was 
seen. 
By allowing f o r the above f a c t o r s , the r e l a t i v e a r r i v a l time 
of the l i g h t pulses of a shower, could be found with a precision of 
-1 ns. I t was convenient to r e l a t e a l l a r r i v a l times to t h a t of the 
l i g h t pulse from detector 12, since there i s always a s i g n a l recorded 
by t h i s detector because i t i s located c e n t r a l l y in-the array. 
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3 . 3 . i i i The Duty .Cycle of the Experiment 
The requirement of cloudless and moonless nights makes 
operating atmospheric Cerenkov l i g h t detection, equipment i n the 
U.K. worthwhile only during winter months, when the longest nights 
occur. The present system has run at Haverah Park f o r a period of 
100 days between 25th November, 1975 and 6th riarch, 1976. During 
t h i s operating season, 23 acceptably clear nights occurred and the 
equipment was operative on 20 of these, providing data from 70 
hours running time. (Expressed as a f r a c t i o n of a whole year, the 
running time e f f i c i e n c y was about 1% of a year.) 
A t o t a l of 68 500 m events, together with a f u r t h e r 584 150 m 
events were recorded during the periods of acceptable sky c o n d i t i o n s , 
and fig.3.10 shows a histogram of the number of atmospheric Cerenkov 
l i g h t s i g n a l s r e g i s t e r e d i n each of the showers. The l i g h t signals 
recorded i n . a l l of the 500 m events were measured, since shower 
analyses on the basis of p a r t i c l e detector measurements were ava i l a b l e 
f o r these showers. However, of the 584 150 m events, only 255, i n 
which four or more Cerenkov l i g h t signals had been recorded, were 
selected f o r study, since at l e a s t four detector signals are required 
f o r any s o r t of shower analysis on the basis of the Cerenkov l i g h t 
I n f o r m a t i o n alone. 
3.3.iv The l^easurement of the Recorded Cerenkov Liqht Signals 
The photographic records of those events selected f o r analysis 
were p r i n t e d to an enlargement of nominally twice l i f e size and 
measured manually w i t h a transparent graph paper overlay. The 
exact m a g n i f i c a t i o n of the p r i n t was determined from the sizes of 
the o scilloscope g r a t i c u l e s , which were photographed at the beginning 
and end of each, f i l m . ' For each l i g h t pulse examined, the parameters • 
.measured were the pulse amplitudej and the po s i t i o n s along the time-
F i g u r e 3.10. H i s t o g r a m showing t h e number 
o f measurable Cerenkou 
l i g h t s i g n a l s r e g i s t e r e d i n 
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base a t which t h e p u l s e reached 10%, 50% and 90% o f i t s a m p l i t u d e , 
on b o t h t h e r i s i n g and f a l l i n g edges o f the p u l s e ' ( r e f e r t o f i g . 3 . 1 1 ) . 
From these measurements were d e t e r m i n e d : -
( i ) The l i g h t p u l s e r i s e - t i m e {10% up - 90%> up) 
( i i ) . The l i g h t pulse,'top-time {90% up - 90% down) 
( i i i ) The l i g h t p u l s e f u l l - w i d t h - h a l f - m a x i m u m {50% up - 50% down) 
( i u ) The l i g h t p u l s e f a l l - t i m e {90% down - 50% down) 
(w) The l i g h t p u l s e a r e a , by t h e use o f a t r a p e z o i d a l f i t t o 
th e measured- p o i n t s , 
( u i ) The T i g h t p u l s e a r r i u a l t i m e , determined from the time 
^ between t h e s t a r t o f t h e timebase and t h e 10% p o i n t o n " 
t h e p u l s e l e a d i n g edge. 
(The l i g h t p u l s e f a l l - t i m e , f rom 90% t o 10% o f t h e f u l l a m p l i t u d e 
or, t h e f a l l i n g edge, was n o t det e r m i n e d because i t was found t o o 
d i f f i c u l t t o r e l i a b l y measure, t h e - 1 0 % p o i n t i n t h e presence o f 
background n o i s e . ) 
For t h e case o f a c a l i b r a t i o n e v e n t , t h e parameters measured 
were t h e ' c a l i b r a t i o n p u l s e a m p l i t u d e s , which a l l o w e d the-complete 
channel g a i n s t o be checked,and t h e t i m e s between-the z- b l a n k s , which 
checked t h e o s c i l l o s c o p e timebase u e l o c i t i e s . The t i m e s between 
the timebase s t a r t s and t h e f i r s t z - b l a n k s , which were used to- a l l o w 
f o r t h e t r i g g e r i n g t i m e s o f t h e o s c i l l o s c o p e s i n t h e c a l c u l a t i o n o f 
the a r r i u a l t i m e s , o f t h e l i g h t p u l s e s i n r e a l showers (as di s c u s s e d 
i n s e c t i o n ' 3 . 3 , i i ) , were a l s o measured. 
Heasurements c c u l d be made t o w i t h i n 0.5 mm on t h e p r i n t s , 
c o r r e s p o n d i n g t o t i m i n g a c c u r a c i e s o f b e t t e r t han 2.5 ns f o r l i g h t 
p u l s e s d i s p l a y e d o n t h e t y p e 7403 r e c o r d i n g o s c i l l o s c o p e s , . a n d 
b e t t e r than. 5.0 ns f o r those a p p e a r i n g on t h e type 556 o s c i l l o s c o p e . 
F i q u r e 3.11. f l e a s u r i n g t h e r e c o r d e d 
l i g h t s i g n a l s . 
( a ) The measured parameters 
o f each Cerenkou l i g h t p u l s e . 
( b ) The measured c a l i b r a t i o n 
p u l s e p a r a m e t e r s . 
pulse amplitude 
time to107o level 
" 507o " 







first z-blank time between z-blanks 
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Treatment o f t h e data f r o m , t h e s e l e c t e d showers i n u o l u e d t he 
measurement o f more t h a n 1500 l i g h t p u l s e s . These measurements, and 
th e f u r t h e r p r o c e s s i n g o f t h e numbers o b t a i n e d i n t o computer compat-
i b l e f o r m , uere handled on a " p r o d u c t i o n l i n e " b a s i s t o minimise t h e 
ti m e spent on t h i s p a r t o f t h e da t a a n a l y s i s . 
3.4 C o n c l u s i o n s 
An a r r a y o f w i d e l y spaced at m o s p h e r i c Cerenkou l i g h t d e t e c t o r s 
and an analogue data r e c o r d i n g system haue been c o n s t r u c t e d and 
c a l i b r a t e d a t the Hauerah Park a i r shower a r r a y . Three independent 
s e t s o f i n f o r m a t i o n ebout t h e Cerenkou l i g h t i n each e x t e n s i v e a i r 
shower r e c o r d e d , are. o b t a i n e d w i t h t h e equipment:-
( i ) The d e n s i t y o f Cerenkou photons i s sampled a t d i f f e r e n t 
p o s i t i o n s i n t h e shower by measuring t h e areas o f t h e 
. l i g h t p u l s e s r e g i s t e r e d by t h e d e t e c t o r s . The s i g n a l 
. s t r e n g t h a t each d e t e c t o r i s i n t e r r e l a t e d w i t h an accuracy 
o f b e t t e r t h a n 5%, and th e .response o f t h e d e t e c t o r s t o 
a photon f l u x i s known t o w i t h i n 2U%. 
( i i ) Measurements are made o f t h e t e m p o r a l c h a r a c t e r i s t i c s ( t h e 
r i s e - t i m e , t o p - t i m e , f a l l - t i m e , and f u l l width-half-maximum) 
o f t h e Cerenkou l i g h t p u l s e s r e g i s t e r e d by t h e d e t e c t o r s . 
The equipment f a i t h f u l l y responds t o l i g h t pulses w i t h 
r i s e - t i m e s as s h o r t as 10 ns and f u l l - w i d t h - h a l f - m a x i m a 
down t o 18 ns. Each pu l s e shape parameter i s measured w i t h 
a p r e c i s i o n o f b e t t e r t h a n 5 ns. 
( i i i ) Measurements o f t h e p o s i t i o n s of t h e l i g h t , p u l s e s a l o n g t h e 
r e c o r d i n g o s c i l l o s c o p e timebases are made, and these l e a d 
t o t h e c a l c u l a t i o n o f t h e r e l a t i v e a r r i u a l times o f t h e 
Cerenkou l i g h t f r o n t a t t h e u a r i o u s d e t e c t o r p o s i t i o n s . 
The t i m i n g measurements are made t o w i t h i n 7 ns. 
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The accuracy w i t h which t h e v a r i o u s Cerenkou l i g h t parameters 
can be'measured i s n o t l i m i t e d by any s i n g l e p a r t o f t h e system; 
each s e c t i o n o f t h e equipment b e i n g s i m i l a r l y matched i n t h i s r e s p e c t . 
The 1 % d u t y c y c l e o f t h e exp e r i m e n t i n t h e u n f a v o u r a b l e c l i m a t e 
t h a t o c c u r s a t Haverah Park i s v e r y low. N e v e r t h e l e s s , 100 w i n t e r 
n i g h t s o p e r a t i o n have produced a w o r t h w h i l e sample o f da t a . Cerenkov 
l i g h t measurements have been made i n 68 500 m e v e n t s , f o r which shower 
a n a l y s e s based on t h e Hauerah Park p a r t i c l e d e t e c t o r measurements are 
a v a i l a b l e . Measurements have a l s o t e e n made i n many more 150 m e v e n t s , 
f o r about h a l f o f w h i c h , f o u r or more l i g h t s i g n a l s were r e c o r d e d , 
making a n a l y s e s on t h e b a s i s o f Cerenkov l i g h t d ata alone f e a s i b l e . 
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CHAPTER FOUR . • 
MFASUREFIEMTS OF THE AVERAGE CHARACTERISTICS 
OF ATMOSPHERIC CEREMKOU LIGHT IN AIR SHOliJERS 
The auerage f e a t u r e s o f t h e Cerenkou l i g h t s i g n a l s measured 
i n t h e p r e s e n t work a r e r e p o r t e d i n t h i s Chapter. Data r e c o r d e d i n 
tho s e e x t e n s i v e a i r showers r e g i s t e r e d by t h e Hauerah Park 500 m a r r a y 
are c o n s i d e r e d h e r e , s i n c e i n f o r m a t i o n on t h e a r r i v a l d i r e c t i o n , c o r e . 
l o c a t i o n and p r i m a r y p a r t i c l e energy o f each o f th e s e showers i s 
a v a i l a b l e , f r o m a n a l y s e s o f t h e deep water p a r t i c l e d e t e c t o r d a t a by 
th e U n i v e r s i t y o f Leeds g r o u p . 
The f e a t u r e s o f t h e l a t e r a l Cerenkov l i g h t d i s t r i b u t i o n and o f 
t h e v a r i o u s l i g h t p u l s e shape parameters a re each c o n s i d e r e d i n t u r n . 
Dependences o f each o f th e s e paramete.r-s on shower energy and i n c l i n a t -
i o n f r o m t h e z e n i t h a r e d e t e r m i n e d . Then, changes i n shower energy 
and i n shower z e n i t h a n g l e a r e r e l a t e d t o changes i n depth o f shower 
cascade development maximum, i n an a t t e m p t t o q u a n t i f y t h e s e n s i t i v i t y 
o f t h e Cerenkov l i g h t p a r a m e t e r s t o d e p t h . o f shower cascade maximum. 
•A Oerenkov l i g h t measure o f p r i m a r y p a r t i c l e energy i s i d e n t i f i e d , 
and f i n a l l y , t h e c u r v a t u r e o f t h e Cerenkov l i g h t f r o n t i n e x t e n s i v e 
a i r showers i s examined. 
4.1 Data H a n d l i n g 
A l l o f t h e measured Cerenkov l i g h t parameters var y w i t h core 
d i s t a i n c e as w e l l as w i t h p r i m a r y p a r t i c l e energy and shower i n c l i n a t i o n 
t o t h e v e r t i c a l . T h i s must be t a k e n i n t o account when d e t e r m i n i n g t he 
dependences o f t h e p a r a m e t e r s on shower energy and i n c l i n a t i o n . The 
showers s t u d i e d were d i v i d e d i n t o i n t e r v a l s o f z e n i t h a n g le and u e r t i c a l 
e q u i v a l e n t v a l u e o f t h e Hauerah Park p a r t i c l e d e t e c t o r a r r a y parameter, 
. p(500). ( p ( 5 0 0 ) j ^ ^ i s an e s t a b l i s h e d measure o f p r i m a r y p a r t i c l e energy 
t h a t i s c u s t o m a r i l y employed by. a l l s u p p o r t i n g e x p e r i m e n t s a t Hauerah 
Par k . See, f o r example, A l l a n e t a l . ( l 9 7 l ) , Glake. e t a l . ( l 9 7 3 ) , D i xcn 
p(500)y^ < 0.3 m"^  0° < e < 25° 
0.3 < p(500)y^ < 0.6 m"^  25° < 0 < 35° 
0.6 -< p(500)y^ < 1.25 m"^  35° < 6 < 45° 
p(500) > 1.25 m'^  45° < e < 65° 
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e t a l . (1974)..) The i n t e r v a l s used were:-
Enerqy Ranges Z e n i t h Angle Ranges 
.Within each i n t e r v a l , t h e measured v a l u e s o f each o f the Cerenkou l i g h t 
p arameters i n t u r n , were expressed as f u n c t i o n s o f core d i s t a n c e u s i n g 
l e a s t squares f i t s o f a p p r o p r i a t e e x p r e s s i o n s . Average valu e s o f each 
parameter- a t s e l e c t e d core d i s t a n c e s between 100-and 500 m, were then 
d e r i v e d f r o m t h e f i t t e d e x p r e s s i o n s . I n t h i s way, the dependence o f 
each parameter on core d i s t a n c e was remoued, e n a b l i n g t h e v a r i a t i o n o f t h e 
parameters w i t h shower energy and i n c l i n a t i o n to- the z e n i t h , t o be 
s t u d i e d . 
B e f o r e t h e curve f i t t i n g , t h e photon d e n s i t y measurements i n 
each i n t e r u a l were n o r m a l i z e d t o t h e auerage i n t e r v a l energy, on the 
assumption t h a t t h e Cerenkov photon d e n s i t y i n c r e a s e s l i n e a r l y w i t h 
p r i m a r y p a r t i c l e energy. A l s o , a l l o w a n c e was made f o r the f a c t t h a t 
t h e area o f a d e t e c t o r photocathode exposed t o t h e Cerenkov l i g h t f l u x 
i n an i n c l i n e d shower, i s e f f e c t i v e l y l e s s than t h e area exposed i n a-
u e r t i c a l l y i n c i d e n t shower. 
I n t h e case of.measurements o f the pulse shape parameters, no 
a t t e m p t was made t o account f o r the e f f e c t o f t h e bandwidth o f the 
e x p e r i m e n t a l - equipment. 
A l l measurements made by d e t e c t o r s s i t u a t e d c l o s e r .than 70 m, 
or' f u r t h e r t h a n 600 m, from t h e shower core were n o t used and showers 
w i t h poor p a r t i c l e d e t e c t o r data a n a l y s e s ( i . e . w i t h goodness o f f i t . 
2 
\ , g r e a t e r t h a n 1.50) were r e j e c t e d . 
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A t o t a l o f 226 -sets o f Cerenkou l i g h t p u lse -measurements were 
c o n t a i n e d i n t h e f i n a l data sample. These were spread evenly amongst 
t h e shower energy and i n c l i n a t i o n i n t e r v a l s , a l t h o u g h r a t h e r few 
measurements were made i n s m a l l , v e r t i c a l showers or i n h i g h l y 
i n c l i n e d ones. The sample o f data was s m a l l , b u t s u f f i c i e n t t o g i v e 
u s e f u l r e s u l t s on t h e average c h a r a c t e r i s t i c s o f t h e Cerenkov l i g h t 
i n e x t e n s i v e . a i r showers., 
4.2 The L a t e r a l Cerenkou L i g h t D i s t r i b u t i o n 
4 . 2 . i The U a r i a t i o n o f t h e Cerenkou Photon D e n s i t y w i t h Core D i s t a n c e 
The v a r i a t i o n o f t h e Cerenkov photon d e n s i t y w i t h core d i s t a n c e 
. i s i l l u s t r a t e d i n f i g . 4 . 1 . The i n d i v i d u a l photon d e n s i t y measurements 
made i n showers o f e n e r g i e s i n t h e i n t e r v a l 0.3 < p(500)y^ < 0.6 m~ , 
and i n c i d e n t a t z e n i t h a n g l e s i n t h e i n t e r u a l 25° < 0 < 35°, are 
shown. The measurements a-re w e l l r e p r e s e n t e d over t h e r e s t r i c t e d range 
o f c o r e d i s t a n c e s by a s i m p l e power law s t r u c t u r e f u n c t i o n . 
Power law s t r u c t u r e f u n c t i o n s were f i t t e d t o the.photon d e n s i t y 
measurements made i n t h e showers o f each o f t h e energy and z e r . i t h angle 
i n t e r v a l s ; Over t h e range o f core d i s t a n c e s a t which measurements were 
made, t h e l i g h t i n t e n s i t y , <J), decreases w i t h d i s t a n c e from the shower 
c o r e , r , a c c o r d i n g t o : -
<J)(r) CX r " ^ ... equ.4.1 
The s t r u c t u r e f u n c t i o n exponent, y, i s a c o n s t a n t p a r t i c u l a r t o the 
showers i n each i n t e r u a l . (The c o r r e l a t i o n c o e f f i c i e n t s of the f i t s 
o f t h e power laws were a l l g r e a t e r than 0.75, i n d i c a t i n g c r i t i c a l 
s i g n i f i c a n c e s less than 0.5%.) 
Each measured l a t e r a l Cerenkou l i g h t d i s t r i b u t i o n i s c o m p l e t e l y 
d e f i n e d by s t a t i n g t h e ualue o f the photon d e n s i t y a t one core d i s t a n c e , 
as w e l l as t h e ualue o f ' t h e exponent o f the power law s t r u c t u r e f u n c t i o n . 
The u a l u e s o f 0(200), t h e photon d e n s i t y a t 200 m core d i s t a n c e , and 
F i g u r e 4.1. I i i d i u i d u a l Cerenkou photon d e n s i t y 
measurements made i n showers • 
o f e n e r g i e s i n t h e i n t e r v a l 
2 
0.3 < p(500)y^ < 0.6 m , and 
i n c i d e n t a t z e n i t h a n g l e s i n t h e 
i n t e r v a l 2 5 ° < 9 < 3 5 ° . The 
measurements are shown here as an 
i l l u s t r a t i o n o f t h e shape o f t h e 
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Table 4.1.. Measurements of t h e l a t e r a l Cerenkou 
l i g h t d i s t r i b u t i o n . The auerage 
f e a t u r e s o f t h e l i g h t d i s t r i b u t i o n 
have been d e t e r m i n e d by f i t t i n g power 
law s t r u c t u t e f u n c t i o n s t o t h e photon 
d e n s i t y measurements made i n showers 
o f u a r i o u s e n e r g i e s and i n c i d e n t a t 
u a r i o u s z e n i t h a n g l e s . Shown here a r e : 
( a ) The auerage v a l u e s o f (J)(2G0), t h e 
Cerenkou photon d e n s i t y a t 200 m core 
d i s t a n c e . 
( b ) The auerage u a l u e s o f y, t h e s t r u c t u r e 
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the values of the s t r u c t u r e f u n c t i o n exponent, which together 
represent the data of each shower energy and z e n i t h angle i n t e r v a l , 
are given i n t a b l e s 4.1(a) and ( b ) . The standard e r r o r s on these 
q u a n t i t i e s are also given, (As explained i n the previous Chapter, 
the photon c a l i b r a t i o n used i n the present work i s accurate only to 
w i t h i n 20%, but the l i g h t f l u x e s measured i n the showers of each 
i n t e r v a l are r e l a t e d t o one another w i t h an u n c e r t a i n t y of less than 
The trends of the values i n t a b l e 4.1 i n d i c a t e t h a t the 
l a t e r a l Cerenkov l i g h t d i s t r i b u t i o n i s s e n s i t i v e t o both shower energy 
and shower i n c l i n a t i o n to the z e n i t h . The values of the s t r u c t u r e 
f u n c t i o n exponent are seen to decrease w i t h decreasing shower energy 
and w i t h i n c r e a s i n g shower z e n i t h anqle, showing t h a t the l i g h t i n 
smaller showers, and i n more i n c l i n e d showers, i s more l a t e r a l l y 
spread out. I n c o n t r a s t , the value of the photon density at a core 
distance of 200 m, i s seen t o be s u b s t a n t i a l l y independent of shower 
i n c l i n a t i o n and t o vary only w i t h shower energy. These c h a r a c t e r i s t i c s 
are now examined more c l o s e l y , 
4 , 2 , i i The S e n s i t i v i t y of the L a t e r a l Cerenkov L i g h t D i s t r i b u t i o n to 
Shower Energy and Zenith Angle 
The dependence of the l a t e r a l Cerenkov l i g h t d i s t r i b u t i o n on 
shower energy i s i l l u s t r a t e d i n f i g . 4 . 2 ( a ) . The power law s t r u c t u r e 
f u n c t i o n s f i t t e d t o the photon de n s i t y measurements made i n showers 
a r r i v i n g a t z e n i t h angles i n the i n t e r v a l 25° < 9 < 35° are shown, 
f o r f o u r d i f f e r e n t energy i n t e r v a l s t h a t span about one decade. The 
value of the s t r u c t u r e f u n c t i o n exponent of each of the f i t t e d ex-
pressions i s shown and the spread of the i n d i v i d u a l photon density 
measurements i s i n d i c a t e d by^ the e r r o r bars, which show the standard 
e r r o r s on the f i t t e d photon density values. Besides the f a c t t h a t 
Figure 4.2« The dependence of the l a t e r a l 
Cerenkou l i g h t d i s t r i b u t i o n on 
shouer energy. 
(a) The power law s t r u c t u r e 
f u n c t i o n s f i t t e d to the photon 
density measurements made, i n 
showers i n c i d e n t at' z e n i t h ancles 
i n the i n t e r v a l 25° < 0 < 35°, 
f o r four i n t e r v a l s of shower 
energy. 
(b) The v a r i a t i o n of the s t r u c t u r e 
f u n c t i o n exponent w i t h shower energy, 
U I I I I T M M I 1 — I — r 111 I I I I 
I £ 
LU 























"UJ Ai lSNBQ NOiOHd 
' jl 'lN3N0dX3 
50 
there i s moru l i g h t i n higher energy showers, i t i s again seen t h a t the 
ual'Je of y, the s t r u c t u r e f u n c t i o n exponent, decreases w i t h diminishing 
value of p(500)y^. The l a t e r a l spread of the Cerenkov l i g h t i s broader 
i n showers of lower primary p a r t i c l e energy. 
The v a r i a t i o n of the s t r u c t u r e f u n c t i o n exponent with'' primary 
p a r t i c l e energy i s shown more c l e a r l y i n f i g . 4 . 2 ( b ) , Here, values of y 
are p l o t t e d as a f u n c t i o n of p(500)y^. The small number of data 
p o i n t s t e n t a t i v e l y suggest t h a t . t h e value of the s t r u c t u r e f u n c t i o n 
exponent increases as t h e . l o g a r i t h m of primary p a r t i c l e energy, at 
l e a s t over the decade of energy i n which the data were measured. 
* * * 
In.a s i m i l a r manner, the dependence of the l a t e r a l Cerenkov 
l i g h t d i s t r i b u t i o n on shower z e n i t h angle i s i l l u s t r a t e d i n f i g . 4 . 3 ( a ) . 
The l a t e r a l spread of the l i g h t i n showers of energies i n the i n t e r v a l 
—2 
0.3 < p(500)y^ < 0.6 m i s shown, f o r four d i f f e r e n t z e n i t h angle 
i n t e r v a l s . I t i s seen that' the l i g h t spread- i s broader i n the more 
i n c l i n e d showers; the value of.y, the exponent of the f i t t e d power 
law s t r u c t u r e functions, decreasing w i t h i n c r e a s i n g shower z e n i t h 
angle. 
Values of the s t r u c t u r e f u n c t i o n exponent are p l o t t e d as a 
f u n c t i o n of cos9 i n f i g , 4 . 3 ( b ) . The small number of data points suggest 
t h a t t h e . v a r i a t i o n of the s t r u c t u r e f u n c t i o n exponent w i t h shower z e n i t h 
angle may be reasonably- w e l l represented by a dependence p r o p o r t i o n a l 
to cos6.'. 
Returning t o f i g . 4 . 3 ( a ) , the i n s e n s i t i v i t y of the photon density 
at 200 m core distance, to shower z e n i t h angle, i s also seen. Consequen-
ces of t h i s are d e a l t w i t h i n - s e c t i o n 4.6. • 
Figure 4.3. The dependence of the l a t e r a l 
Cerenkov l i g h t d i s t r i b u t i o n on 
shok^er z e n i t h angle. 
(a) The power law s t r u c t u r e 
f u n c t i o n s f i t t e d to the photon 
d e n s i t y measurements made i n 
showers of energies i n the i n t e r v a l 
2 
0.3 < p(5G0)y^ < 0.6 m , f o r 
four z e n i t h angle i n t e r v a l s . 
(b) The v a r i a t i o n of the s t r u c t u r e 
f u n c t i o n exponent w i t h z e n i t h angle. 
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4.3 The Cerenkov Lig h t Pulse Shape 
4.3.i The l/a r i a t i o n ' of the Cerenkov Lig h t Pulse Shape with Core Distance 
A l l four of the parameters chosen to describe the shape of the 
Cerenkov l i g h t pulse; the r i s e - t i m e , top-time, f a l l - t i m e and f u l l -
width-half-maximum; were found to vary with core distance i n a s i m i l a r 
manner. The value of each of the pulse shape parameters increases 
e x p o n e n t i a l l y w i t h core distance, r , and an equation of the form:-
t = A + exp(Br) ... equ.4.2 
was f i t t e d to the measurements of each parameter, made i n the showers 
of each of the shower energy and z e n i t h angle i n t e r v a l s . (The 
c o r r e l a t i o n c o e f f i c i e n t s of the large m a j o r i t y of the f i t s were 
greater than 0.55, i n d i c a t i n g c r i t i c a l s i g n i f i c a n c e s less than 5%.) 
At core distances greater than 200 m, the Cerenkov l i g h t pulses 
are slow enough to be e s s e n t i a l l y unaffected by the bandwidth of the 
experimental equipment. Thus i t i s at these large core distances, 
-that dependences of the l i g h t pulse shape on shower energy and zenith 
angle are most marked. At core distances less than 200 m, any 
v a r i a t i o n s of the pulse shape with these shower parameters are l i k e l y 
to be masked by the bandwidth. 
To study trends w i t h shower energy and z e n i t h angle, the 
exponential expressions f i t t e d to the measurements of the l i g h t pulse 
shape parameters, were used to evaluate each parameter at a core d i s -
tance of- 400 m. Tables 4.2(a) - (d) show r e s p e c t i v e l y . the values 
of the l i g h t pulse r i s e - t i m e , top-time, f a l l - t i m e and f u l l - w i d t h - h a l f -
maximum a t t h i s core distance. The standard e r r o r s on the values are 
also shown. 
I t i s seen i n t a b l e 4.2 t h a t g e n e r a l l y , the values of a l l the 
l i g h t pulse shape parameters decrease w i t h increasing shower i n c l i n a t i o n 
from the zenith,. The l i g h t pulses i n i n c l i n e d showers are f a s t e r i n a l l -
Table 4.2. Measurements of the shape of the 
Cerenkov l i g h t pulse. The average 
feat u r e s of the shape of the 
Cerenkov l i g h t pulse have been d e t e r -
mined by expressing measurements of 
the pulse shape parameters, made i n 
showers of various energies and 
i n c i d e n t at various z e n i t h angles, 
as exponential f u n c t i o n s of core 
distance. Shown here, are the 
average values of the l i g h t pulse 
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axbuy qq.Tuaz jamoqc, 
respects than those i n v e r t i c a l showers. ' However, there i s l i t t l e 
evidence f o r any trend w i t h shower primary p a r t i c l e energy. In the . 
next s e c t i o n , .the dependence of the l i g h t pulse shape on shower" 
i n c l i n a t i o n i s examined more c l o s e l y . A l l the pulse shape parameters 
are considered together, since they e x h i b i t very s i m i l a r c h a r a c t e r i s t i c s . 
4 . 3 . i i The S e n s i t i v i t y of the Cerenkov Lig h t Pulse Shape to Shower 
Zenith Angle 
The shower z e n i t h angle dependences of the four•Cerenkov l i g h t 
pulse shape parameters are i l l u s t r a t e d i n figs.4.4(a) to 4.7(a). The 
exponential expressions f i t t e d to the measurements made i n showers of 
-2 
energies i n the i n t e r v a l 0.3 < p(500)y^ < 0.6 m" are shown, f o r 
four d i f f e r e n t z e n i t h angle i n t e r v a l s . The spread of the i n d i v i d u a l 
measurements i s i n d i c a t e d by the' e r r o r bars, which show the standard 
e r r o r s on the f i t t e d pulse shape values. I t i s seen t h a t the r i s e - t i m e , 
top-time, f a l l - t i m e and full-width-half-maximum of the Cerenkov l i g h t 
pulse, a l l decrease i n value w i t h increasing shower i n c l i n a t i o n t o the 
z e n i t h . This trend i s most marked at core distances greater than 
about 200 m, since the bandwidth of the recording equipment has no 
e f f e c t on the l i g h t s i g n a l s recorded at these core distances. 
The v a r i a t i o n of the l i g h t pulse shape parameters w i t h shower 
i n c l i n a t i o n i s i l l u s t r a t e d i n an a l t e r n a t i v e way i n f i g s . 4 . 4 ( b ) to. 
4.7(b). Here, the values of each parameter at 400 m core distance, 
are p l o t t e d as fu n c t i o n s of the cosine of shower ze n i t h angle. Although 
the number of measurements i n each case i s small, the data suggest t h a t 
the v a r i a t i o n of a l l the l i g h t pulse shape parameters with zenith angle, 
can be adequately represented by a dependence p r o p o r t i o n a l to cosG ( a t 
l e a s t over the range of shower z e n i t h angles f o r which data are a v a i l a b l e ) , 
I t i s noted, however,, t h a t r e s u l t s of simulations by the Soviet group 
2 
I n d i c a t e t h a t the l i g h t pulse full-width-half-maximum varies as cos 6 
-"iilurij 4.4. "fhi: i.li |nMnliuiuii ol' tl"ic Cerenkov 
l i g h t pulse r i s e - t i m e on 
shower z e n i t h angle, 
(a ) The exponential expressions 
f i t t e d to the r i s e - t i m e measurements 
made i n showers of energies i n 
_2 
the i n t e r v a l 0.3 < p(500)y^ < 0.6 m 
f o r four z e n i t h angle i n t e r v a l s , 
(b) The v a r i a t i o n of the pulse 
r i s e - t i m e at 400 m core distance 
w i t h z e n i t h angle. 
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F i g u r e 4.5. The dependence o f t h e Cerenkou 
l i g h t p u l s e t o p - t i m e on shower z e n i t h 
a n g l e . 
( a ) The e x p o n e n t i a l e x p r e s s i o n s 
f i t t e d t o t h e t o p - t i m e measurements 
made i n showers o f e n e r g i e s i n t h e 
- 2 
i n t e r u a l 0.3 < p(500)y^ < 0.6 m , 
f o r f o u r z e n i t h a n g l e i n t e r v a l s . 
( b ) The u a r i a t i o n o f t h e p u l s e 
t o p - t i m e a t 400 m c o r e d i s t a n c e 
w i t h z e n i t h a n g l e . 
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l i g h t p u l s e f a l l - t i m e on sfiower 
z e n i t h oncjle. 
( a ) The e x p o n e n t i a l e x p r e s s i o n s 
f i t t e d t o t h e f a l l - t i m e measurements 
made i n showers o f e n e r g i e s i n t h e 
- 2 
i n t e r u a l 0.3 < p(500)y^ < 0.6 m , 
f o r f o u r z e n i t h a n g l e i n t e r u a l s . 
( b ) The v a r i a t i o n o f t h e pulse) 
f a l l - t i m e a t 400 m c o r e d i s t a n c e 
hiith z e n i t f i a n g l e . 
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F i g u r e 4.7. The dependence o f t h e f u l l - w i d t h -
half-maximum o f t h e Cerenkou 
l i g h t p u l s e on shower z e n i t h angle,, 
( a ) The e x p o n e n t i a l e x p r e s s i o n s 
f i t t e d t o t h e measurements o f t h e 
f u l l - w i d t h - h a l f - m a x i m u m made i n 
showers o f e n e r g i e s i n t h e i n t e r u a l 
—2 
0.3< p(500)y^ < 0.6 m , f o r f o u r 
z e n i t h a n g l e i n t e r u a l s . 
( b ) The u a r i a t i o n o f t h e f u l l - w i d t h -
h a l f -maximum a t 400 m co r e d i s t a n c e 
w i t h 2;enith a n g l e . 























3 5 ° < 0 < 4 5 ' ' 
i40-0 
i ' 0 - 0 
4 5 < 0 < 65° 
;40-0 
o - o i -L 
0 100 200 300 400 



























1-0 0-9 0-8 07 
Z E N I T H ANGLE, cose. 
0-6 
5 3 
(Efimou e t a l . ( 1 9 7 3 ) ) . More numerous and a c c u r a t e e x p e r i m e n t a l 
measurements would'enable the form o f t h e u a r i a t i o n o f t h e Cerenkou 
l i g h t p u l s e shape w i t h shower z e n i t h a n g l e , t o be d e f i n e d w i t h 
g r e a t e r c e r t a i n t y . 
4 . 4 Q u a n t i f y i n g t h e S e n s i t i v / i t y o f t h e Cerenkou L i g h t [Measures t o 
Shower Energy and Z e n i t h Angle 
I t has been i l l u s t r a t e d i n the l a s t two s e c t i o n s , t h a t most 
of t h e measured Cerenkov l i g h t parameters v a r y w i t h shower energy.and 
i n c l i n a t i o n . I t i s necessary t o g u s n t i f y these v a r i a t i o n s i n o r d e r 
t h a i ; v a l u e s c f the parameters a p p r o p r i a t e t o shcwers o f s p e c i f i c 
e n e r g i e s and z e n i t h a n g l e s , can be c a l c u l a t e d ( f o r conipariscn o f the 
data measured here wit.h s i m u l a t i o n r e s u l t s , f o r example). T h i s has 
been a c h i e v e d by u s i n g a m u l t i - p a r a m e t r i c . a n a l y s i s procedure. The 
average values o f the.measurements o f each c f t h e parameters, made 
i n .the shcwEirs o f each o f the energy and z e n i t h a n g l e ' i n t e r v a l s , 
were expressed as l i n e a r c c m t j i n a t i o n s of t h e average v a l u e s o f 
loQ^Q ^ p ( 5 0 G ) y ^ ^ and ccs6 o f each i n t e r v a l . These f u n c t i o n s were 
chosen f o l l o w i n g t h e e m p i r i c a l s u g g e s t i o n s from the data presented 
i n f i g s . 4 . 2 ( b ) t o 4 . 7 ( b ) (see s e c t i o n s 4 . 2 . i i and 4 . 3 . i i , a b o v e ) . 
The s t r u c t u r e f u n c t i o n exponent o f t h e l a t e r a l l i g h t 
d i s t r i b u t i o n , , and the p u l s e shape parameters e v a l u a t e d a t 4 0 0 m core 
d i s t a n c e , were observed t o depend on shower energy and i n c l i n a t i o n 
a c c o r d i r i g t o : - . 
S t r u c t u r e F u n c t i o n Exponent 
Y 1 . 1 5 9 - 3 . 5 4 7 X cosG - 0 . 2 7 7 x l o g ^ ^ ( P ^ ^ ^ ^ ^ U E ) 
... e g u . 4 . 3 
(The m u l t i p l e c o r r e l a t i o n c o e f f i c i e n t o f the f i t was C . 9 5 , i n d i c a t i n g 
a c r i t i c a l s i g n i f i c a n c e l e s s t h a n 0 . 1 ^ . The s t a n d a r d e r r o r on the 
::i4 
• p r e d i c t e d exponent ualuet; was r j . 1 j 3 . ) 
Rise-Time a t 400 m Core.Distance 
t ^ ( 4 0 0 ) = -16.55 + 43.75 x cosG + 0.119 x l o g ^ ^ ^ p(5G0)y^) ns. 
... equ.4.4 
(The m u l t i p l e c o r r e l a t i o n c o e f f i c i e n t o f t h e f i t was 0.94, i n d i c a t i n g 
a c r i t i c a l s i g n i f i c a n c e l e s s t h a n 0.1^. The s t a n d a r d e r r o r on t h e 
p r e d i c t e d r i s e - t i m e u a l u e s was 1.7 ns.) 
Top-Time a t 400 m Core D j s t a n c e 
t^(4DD) = -13.29 + 36.27 x cosG + 1.201 x l o g ^ ^ . p ( 5 0 0 ) y ^ ^ ns. 
• ... equ.4.5 
(The r ; u l t i p l e c o r r e l a t i o n c o e f f i c i e n t o f the f i t was 0.79, i n d i c a t i n g 
a c r i t i c a l s i g n i f i c a n c e o f 0.2%. The s t a n d a r d e r r o r on t h e p r e d i c t e d , 
t o p - t i m e . u a l u e s was 2.9 ns.) 
F a l l - T i m e a t 400 m Core_ D i s t a n c e 
t ^ ( 4 0 0 ) = -16.84 + 52.96 x cosG + 6.91 x l o g ^ ^ p(500)y^ j ns. 
... equ.4.6 
(The m u l t i p l e c o r r e l a t i o n c o e f f i c i e n t o f t h e f i t was 0.86, i n d i c a t i n g 
a c r i t i c a l s i g n i f i c a n c e o f 0.1%. The s t a n d a r d e r r o r on t h e p r e d i c t e d 
f a l l - t i m e u a l u e s was 3.6 ns.) 
F u l l - i i J i d t h - H a 1 f - Waximum a^4D0 m' Co:'? D i s t a n c e 
t i ( 4 D 0 ) = -45.14 + 120.3 x cosG + 9.92 x l o g ^ ^ ^  p(500)^^^.) ' ns. 
• ' .... equ.4.7 
(The m u l t i p l e c o r r e l a t i o n c o e f f i c i e n t o f t h e f i t wes 0.87, i n d i c a t i n g 
a c r i t i c a l s i g n i f i c a n c e o f 0.1%. The s t a n d a r d e r r o r on t h e p r e d i c t e d ' 
f u l ] - w i d t h - h a l f - m a x i m u m ualues was 7.4 ns.) 
•Equs.4.3 to. 4.7 are a s t a t e m e n t o f t h e auerage c h a r a c t e r i s t i c s • 
o f Cerenkcu l i g h t i n e x t e n s i u e a i r showers, as measured i n the 
p r e s e n t work. From them, ualues o f each .of the Cerenkou l i g h t 
55 
parameters i n showers o f any energy and z e n i t h a n g le can be e v a l u a t e d . 
4.5 The S e n s i t i v i t y o f Cerkinkov L i g h t Measures_ to_ Depth o f Shower 
Cascade Development Maximum 
The v a r i a t i o n s o f t h e vario u s . C e r e n k o v l i g h t parameters w i t h 
shower z e n i t h a n g l e , can be used t o i n v e s t i g a t e t h e s e n s i t i v i t y o f 
t h e p a r a m e t e r s . t o changes i n depth o f shower cascade development 
maximum. An i n c l i n e d shower t r a v e r s e s a g r e a t e r t h i c k n e s s o f 
atmosphere b e f o r e r e a c h i n g ground l e v e l t h a n does a v e r t i c a l shower. 
Co n s e g u e n t l y , on average, i n c l i n e d showers r e a c h cascade development 
maxima a t g r e a t e r a l t i t u d e s t h a n v e r t i c a l l y i n c i d e n t showers. 
Assuming t h a t no s i g n i f i c a n t changes a r i s e from the d i f f e r i n g a i r 
d e n s i t i e s a t d i f f e r e n t a t m o s p h e r i c l e v e l s , i n c r e a s i n g the i n c l i n a t i o n 
o 
o f a v e r t i c a l shower t o 24.4 , i s e q u i v a l e n t t o changing the depth 
_2 
o f t h e cascade development maximum o f t h e shower by 100 g cm 
A second e s t i m a t e o f t h e s e n s i t i v i t y o f t h e Cerenkov l i g h t 
p arameters t o changes i n depth o f shower cascade development maximum, 
i s made p o s s i b l e by u s i n g t h e i n f o r m a t i o n from model s i m u l a t i o n s , 
t h a t showers i n i t i a t e d by h i g h e r energy p r i m a r y p a r t i c l e s reach 
cascade maxi.ma low e r i n t h e atmosphere than those i n i t i a t e d by lower 
energy p r i m a r y p a r t i c l e s . (Here t h e r e i s no p o s s i b l e c o r n p l i c a t i o n 
a r i s i n g from t h e showers d e v e l o p i n g i n p a r t s o f t h e atmosphere" o f 
d i f f e r i n g d e n s i t y . ) Many p l a u s i b l e s i m u l a t i o n s , i n c l u d i n g those o f 
-2 
P r o t h e r o e and Turver ( 1 9 7 7 ) , suggest a d i f f e r e n c e o f about 100 g cm~ 
between t h e depths o f t h e cascade maxima o f showers i n i t i a t e d by 
p r i m a r y p a r t i c l e s o f e n e r g i e s d i f f e r i n g by one decade. 
The v a r i a t i o n s , o f • each o f t h e Cerenkov l i g h t parameters w i t h 
b o t h shower energy and shower i n c l i n a t i o n , have been used t o e s t i m a t e 
t h e s e n s i t i v i t i e s o f t h e parameters t o depth o f shower cascade 
development maximum. The changes i n t h e value o f each parameter, t h a t ' 
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Q. 1 m 
•D 
O 
C u -p •rH c 
CM . •D CO CO CO CO 03 <-{ 1 CD c c c c CO CO E 4 J CD 03 
O ca cn CM r - CM cn cri - P 13 • H • E • • • • C .-H O n CM cn •H — 1X3 cn •p 03 CO c r 1 
-4-) c JZ E CO 03 E o CD UJ + + + + + cn a c O a CD •H O 03 o JZ 
T ~ H . H JZ •H o cn 
03 •p - P CO 
C l - E :3 > CO 03 a 
O 13 o 03 c (-1 o E • "O •H 03 03 
03 •H c •p 
CO X CD 03 CO r H CO 
CO CO U "D 03 CO a 
Q) E m 03 CO ai -p 
u CO CO CO CO CJ U c E CO E o CD CJl c c c c CO CO O JZ 
c "D- c CM cn CO JZ u -p E 
• i H CO a : tn cn tn I > . CD D o u (t- • H o « • • O X O cn ^ a to tn •H M 03 -p c CO -4J CO • + J —^ 03 x: r H o E o •H + + + + CO 3 -p • H 
0) " c + > O CO -p (»-
(4 CD JZ 03 03 CO O 
Q] M 03 CO c 3 JZ (0 • H JZ 
Q) O - P - P H •p 
cn sz o CO O o. 
c CO U- 03 JZ c 03 
ro o JC p -p • H TD JZ ( 4 - - P 03 u o CO CL x: TD C 
03 03 03 C • H 






> -P UJ j r t r CO cn CO 
• H cn (A 03 
- P CO CO w U 
CD CD E •H (-1 CL c O 
CD p Z) CD 03 03 * 03 c 
o . P4 o E a C - P E JZ • H 
u O u •H c 03 03 n o 
O X CO cn E E CO 03 C 
C E E CO +» CO 03 3 CO 
o E E CO m u X O 
u •H o o 1 •H J i CO CO Ct- x: o 
CD • P o o o Ct- TD 1— a. E o CO -p 
- P O ^ o sf n H CD c -sj- (0 CD E D -p -p x: U 
CO I t - CO -p CO 1 O 
U CO O . 
CO CD CD CD •p 
Q. U E CD CD CD E CD T ) E t 
n c •H O E o •H O •H 
-p CD - P c •H c - P c 3 O o C 1 CO 4-) CO 1 CD 1 O 03 
n • CD -p 1 •p rH •P r - i r H 
CL cn in C L cn cn .-1 J D 
-p X •H •H O •H CO •H Zl - P CO 
cn (S c c • • ( - u . D u. CO 1-
56 
r e s u l t from a l t e r a t i o n s o f shower energy and i n c l i n a t i o n t h a t are 
-2 
each e q u i v a l e n t t o an i n c r e a s e i n depth o f maximum o f 100 g cm , 
were c a l c u l a t e d from equs.4.3 t c 4,7. These changes are shown i n 
t a b l e 4-.3', I t i s seen t h a t a l t e r a t i o n s i n shower energy and i n 
shower z e n i t h a n g l e , t h a t c o r r e s p o n d t o s i m i l a r v a r i a t i o n s i n 
p o s i t i o n o f shower cascade maximum above t h e d e t e c t o r a r r a y , each 
l e a d t o s i m i l a r chances i n t h e value s o f t h e Cerenkov l i g h t 
p a r a m e t e r s . ( a l t h o u g h t h e r i s e - t i m e v a l u e s are a p o s s i b l e e x c e p t i o n ) . : 
T h i s c o n s i s t e n c y s u p p o r t s t h e v a l i d i t y o f i n t e r p r e t i n g a l t e r a t i o n s 
i n shower energy and i n shower z e n i t h a n g l e , as being e q u i v a l e n t 
t o v a r i a t i o n s i n depth of. shower cascade development maximum. 
Both t h e l a t e r a l l i g h t d i s t r i b u t i o n and t h e l i g h t p u lse 
shape are s e n s i t i v e t o depth o f shower cascade development maximum. 
On average, t h e l a t e r a l l i g h t spread i s narrower i n showers r e a c h i n g 
cascade development maxima lower i n t h e atmosphere, and the l i g h t pulses 
i n t h e s e showers are- s l o w e r . The Cerenkov l i g h t parameters most 
s e n s i t i v e t o changes i n depth o f shower cascade maximum, appear t o 
be t h e s t r u c t u r e f u n c t i o n exponent, and t h e l i g h t pulse f a l l - t i m e and 
. f u l l - w i d t h - h a l f - m a x i m u m . The changes i n these parameters r e s u l t i n g 
-2 
from a change o f 100 g cm i n depth of shewer maximum, are g r e a t e r 
than t h e e r r o r s on i n d i v i d u a l measurements o f these q u a n t i t i e s . T h is 
t h e n , g i v e s some i n d i c a t i o n of t h e r e s o l u t i o n i n depth of shower 
cascade-development maximum, t h a t i s p o t e n t i a l l y a v a i l a b l e w i t h t h e 
e x i s t i n g e x p e r i m e n t a l equipment and measuring t e c h n i q u e s . 
4.6 A_Cerenkov L i g h t Measure o f Primary P a r t i c l e Energy 
I t has been"observed t h a t t h e Cererkov photon d e n s i t y a t core 
d i s t a n c e s i n t h e r e g i o n o f 200 m, i s s u b s t a n t i a l l y independent o f 
shower z e n i t h a n g l e . I t v a r i e s o n l y w i t h shower energy, (See t a b l e 
4,1 and f i g . 4 , 3 ( a ) .) T h i s s u p p o r t s t h e s u g g e s t i o n from the computer 
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simulations by Smith and Turyer (1973), and also- from those by 
Protheroe and Turver (1977), t h a t the Cerenkou photon density at 
t h i s core, distance i s i n s e n s i t i v e to shower l o n g i t u d i n a l deuelop-
.ment. The Cerenkou photon densi.ty at 200 m core distance r e l a t e s 
w e l l t o primary p a r t i c l e energy, according to the simulations. 
As a t e s t of t h i s idea, f i g . 4 . 0 shows the average values of 
<j)(200), the Cerenkou photon density at 200 m core distance, as a 
f u n c t i o n of the established Hauerah Park primary p a r t i c l e energy 
measure, p(500)y^. The ualues of <t)(200) are deriued from photon 
density measurements made i n showers of a l l z e n i t h angles, by 
aueraging the ualues i n each of the energy i n t e r v a l s of table 4.1. 
The standard e r r o r on the average ualues i s shown by the error 
bars. I t ' i s seen t h a t the Cerenkou photon density at 200 m core 
distance, r e l a t e s very w e l l to the Havereh Park p a r t i c l e detector 
array parameter - at le a s t f o r the range of shower energies spanned 
by the present measurements. The'relation i s described by:-
<1)(200) = 3.93 X 10 X ( p(500)y^ j photon m" 
... equ.4.8 
(The c o r r e l a t i o n c o e f f i c i e n t of the f i t was 0.995, i n d i c a t i n g a 
c r i t i c a l s i g n i f i c a n c e cf 2%.) 
* * * 
Cerenkov.light measurements have been made i n many showers 
f o r which no analyses of data from the Hauerah Park deep water 
p a r t i c l e detectors are a u a i l a b l e . An estimate of the primary 
p a r t i c l e en.ergies of these showers i s necessary i f the.measurements 
are t o be f u l l y e x p l o i t e d i n the f u t u r e . The method of determining 
primary p a r t i c l e energy from the Cerenkou photon density at 200 m 
core distance, t h a t has been demonstrated,here, may f u l f i l t h i s 
requirement. 
Figure 4.8. A Cerenkow l i g h t measure of 
primary p a r t i c l e energy. Shown 
here i s the v a r i a t i o n of auerage 
values of 0(200), the Cerenkov 
photon density a t 200 m core 
distance, w i t h the est a b l i s h e d 
Haverah Park primary p a r t i c l e 
energy measure, p(500)y^, (The 
values of <J)(200) have been 
determined from measurements 
made i n showers i n c i d e n t a t a l l 
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Fig.4.9 i l l u s t r a t e s the possible use of photon density 
measurements f o r estimating the energies of i n d i u i d u a l showers. 
Ualues of cj)(200) have been determined f o r each of those showers 
r e g i s t e r e d by the Haverah Park p a r t i c l e detector array, i n which at 
l e a s t f i u e photon density measurements were made. The ualues of 
<t>(200) are p l o t t e d against the p(500)y^ ualues of the showers. 
Of course, the ualues of (|)(200) are based on shower core locations 
i n d i c a t e d by the p a r t i c l e detector data, and s i m i l a r core l o c a t i o n 
information- must be prouided from Cerenkov l i g h t measurements i f 
t h i s energy estimate i s to be used i n the absence of p a r t i c l e 
detector data. 
4.7 The Curvature of the Cerenkou Li g h t Front 
The measurements of the r e l a t i u e times at which the Cerenkov 
l i g h t i n i n d i u i d u a l showers, a r r i u e s at the uarious detector p o s i t i o n s , 
are now reported. From these measurements, the curvature cf the 
Cerenkov l i g h t f r o n t i n the showers can be ca l c u l a t e d . As stated 
i n Chapter 2, the simulations by Protheroe and Turver (l977) suggest 
t h a t the l i g h t observed e a r l i e s t a t each detector p o s i t i o n , o r i g i n a t e s 
highest i n the atmosphere. The timing measurements made to the 
points at which the observed l i g h t pulses reach 10% of f u l l amplitude, 
w i l l therefor,e, lead to the determination of the curvature of the 
l i g h t f r o n t a r i s i n g from the Cerenkov photons produced high up i n 
showers. ' This q u a n t i t y should be cl o s e l y r e l a t e d to the early 
cascade development of the showers. 
To f i t a s p h e r i c a l l y shaped l i g h t f r o n t , a minimum of four 
l i g h t a r r i v a l times need to be measured i n a shower. Howeuer, 
because of the experimental e r r o r s of the timing measurements, some 
redundancy of in f o r m a t i o n i s de s i r a b l e . I n the present work, the 
l i g h t f r o n t c u r u a t u r e s of those 25 showers i n which f i u e or more 
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l i g h t a r r i v a l times were measured, have been c a l c u l a t e d . The 
showers spanned a range of primary energy from p(500)y^ = 0.11 m" 
2 o to p(5D0)y^ = 4.33 m , and a r r i v e d at z e n i t h angles up to 45 . 
• The s p h e r i c a l l i g h t f r o n t s were computed by Dr K.3, Drford 
and nr K. Appleby, using the computer program " N i n u i t " - a m u l t i -
parameter m i n i m i z a t i o n procedure. The' d i f f e r e n c e s between the 
observed photon a r r i v a l times and those predicted from s p h e r i c a l 
l i g h t f r o n t f i t s were minimized. The observed Cerenkov l i g h t 
a r r i v a l times were found to be very w e l l represented by spheres -
r.m.s, d e v i a t i o n s of 4 ns.from l i g h t f r o n t s of radius 10 km were 
t y p i c a l . 
The average r a d i u s of curvature of the Cerenkov l i g h t f r o n t s 
i n the small sample of showers studied here, was 13.19 km, (The 
d i s t r i b u t i o n of the l i g h t f r o n t r adius values had a standard d e v i a t -
i o n of 6.75 km,) I t i s i n t e r e s t i n g to note t h a t the f i t t i n g 
procedure d i d not r e q u i r e a knowledge of the p o s i t i o n s of the cores 
of the showers s t u d i e d , nor, the gains of the l i g h t d etectors. Only 
the r e l a t i v e times at which the Cerenkov l i g h t i n a shower reached 
the v a r i o u s detector p o s i t i o n s were needed. 
* * * 
The Cerenkov l i g h t f r o n t radius i t s e l f i s not d i r e c t l y r e l a t e d 
to shower cascade development, since i t also depends on shower z e n i t h 
angle.. Showers i n c i d e n t at l a r g e i n c l i n a t i o n s traverse a greater 
thickness o f atmosphere'than v e r t i c a l l y i n c i d e n t showers, and so on 
average, develop a t a greater distance ( i n km) from the detector 
a r r a y . However, a knowledge of both the Cerenkov l i g h t f r o n t r adius 
and the z e n i t h angle of a shower,- enables the thickness of atmosphere 
t h a t the shower penetrates while producing those Cerenkov photons 
t h a t reach ground l e v e l before the observed l i g h t pulses reach 10% 
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of f u l l amplitude, to.be c a l c u l a t e d . This qu a n t i t y i s independent 
of shouier z e n i t h angle, and should be a d i r e c t measure of the early 
cascade development of showers. The "depth of the l i g h t f r o n t o r i g i n " 
of each of the showers, studied here, was cal c u l a t e d i n t h i s way, 
-2 
The mean of the values obtained was 314 g cm , and the' d i s t r i b u t i o n 
_2 
of the values had a standard d e v i a t i o n of 168 g cm , 
Cal c u l a t i o n of-the c o r r e l a t i o n between the ualues of the depth 
. of the l i g h t f r o n t o r i g i n and the energy of the showers studied, showed 
th a t these two .parameters are not r e l a t e d (the c o r r e l a t i o n c o e f f i c i e n t 
was less''than 0,1), This i s expected, prouided t h a t the mean free 
path f o r i n t e r a c t i o n between nucleons and a i r n u c l e i uaries only uery 
slowly w i t h the nucleon energy. 
Before closing t h i s s e c t i o n , some mention must be made of 
the e f f e c t s , of experimental measurement er r o r s on the values obtained 
f o r both the l i g h t f r o n t - r a d i u s and the depth of the l i g h t f r o n t 
o r i g i n . As stated above, the average d e v i a t i o n from s p h e r i c i t y , of 
the Cerenkov l i g h t a r r i v a l times obserued i n a shower, was about 4 ns. 
Simple considerations suggest t h a t t h i s corresponds to u n c e r t a i n t i e s 
-2 
of about 2 km i n the l i g h t f r o n t radius ualues, and about 150 g cm 
i n the values of the depth of the l i g h t f r o n t o r i g i n . However, the 
exact i n t e r p r e t a t i o n of the timing measurement er r o r s i s a complex 
problem and i s the subject of f u r t h e r studies c u r r e n t l y being 
undertaken. C l e a r l y , improving the accuracy of the timing measure-
'•'ments would be w e l l worthwhile f o r f u t u r e measurements of the 
curvature of the Cerenkov l i g h t f r o n t i n extensive a i r showers. 
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4.11 ConclusionL 
The average c h a r a c t e r i s t i c s of the Cerenkov l i g h t signals 
recorded i n showers of energies i n the range 0.11 < p(500)y^ < 4.33 
2 
m , and i n c i d e n t a t z e n i t h angles up to 55 , have been measured. 
V a r i a t i o n s of both the l a t e r a l l i g h t d i s t r i b u t i o n and the l i g h t 
pulse shape, w i t h shower energy and with shower i n c l i n a t i o n from the 
zenith,, have been determined. 
The steepness of the l a t e r a l Cerenkov l i g h t d i s t r i b u t i o n i s 
observed to vary w i t h both shower energy and zen i t h angle. The 
spread of the l i g h t i s broader i n lower energy showers and also i n 
more i n c l i n e d showers. 
The-shape of the Cerenkov l i g h t pulses i n v e r t i c a l l y ' i n c i d e n t 
showers i s slower than t h a t of.the l i g h t pulses i n more i n c l i n e d 
showers. However, v a r i a t i o n s of the l i g h t pulse shape w i t h varying 
shower energy are not so c l e a r l y seen. This may be because the' range 
of energies of the showers i n which measurements have been made, i s 
too small f o r any dependences to'be r e a d i l y apparent. 
An attempt has been made to r e l a t e changes in shower energy 
and i n shower i n c l i n a t i o n , to changes in depth of shower cascade 
development maximum. The sensitivities of the various Cerenkov l i g h t 
parameters to depth of shower cascade- maximum t h a t are .derived from 
changes i n shower energy, are s i m i l a r to those determined from 
-2 
changes i n shower z e n i t h angle. An increase of .100 g cm i n the 
depth of shower cascade maximum, a l t e r s the values of several of the 
parameters by amounts which are greater than the u n c e r t a i n t i e s of 
i n d i v i d u a l measurements of the parameters. Estimates of depth of 
-2 
shower cascade maximum t o w i t h i n 100 g cm ' should,therefore, be 
possible w i t h the presently a v a i l a b l e measuring equipment. 
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The photon density -at 200 m core distance i s seen to be 
s u b s t a n t i a l l y independent of shower ze n i t h angle and to vary only 
w i t h shower energy. This supports the suggestions from recent 
computer - simu l a t i o n s , t h a t t h i s q u a n t i t y r e l a t e s .well to primary 
p a r t i c l e energy, Measurements of the photon density at 200 m core 
distance may, t h e r e f o r e , be a useful measure of the energy of those 
showers i n which Cerenkou l i g h t measurements haue been made, but 
f o r which no analyses of the Hauerah Park deep water p a r t i c l e 
detector data are a u a i l a b l e . 
The Cerenkou. l i g h t a r r i v a l times measured i n a small sample 
of- showers have been found to be very w e l l represented by s p h e r i c a l l y 
shaped l i g h t f r o n t s . The thickness of atmosphere t h a t each of the 
showers penetrated while " i g n i t i n g " , . h a s been determined from the 
r a d i i of these l i g h t f r o n t s . These atmospheric thicknesses should 
be c l o s e l y r e l a t e d to the ea r l y cascade developments of the showers, 
and l i g h t ' a r r i v a l time measurements made i n a large sample of showers 
may be important f o r f u t u r e studies, of the mass of the primary cosmic 
r a d i a t i o n . Improving the accuracy of the timing measurements would 
be w e l l worthwhile f o r such f u t u r e studies. '. • 
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CHAPTER FIVE . 
COMPARISON liJITH COPIPUTER SinULATIOMS AND OTHER lilDRK 
I n t h i s Chapter, the average c h a r a c t e r i s t i c s of the Cerenkov 
l i g h t I n extensive a i r showers, t h a t were reported i n Chapter 4, are 
compared w i t h r e s u l t s . f r o m the most recent.computer simulations and 
wit h experimental measurements of nther workers. The simulation 
r e s u l t s considered are those by Protheroe and Turuer ( l 9 7 7 ) , and 
the experimental measurements examined were made at the Yakutsk a i r 
shower array i n U.S.S.R, 
5.1 Comparison w i t h the Computer Simulations by Protheroe and 
Turuer (l977) 
As mentioned i n Chapter 2, Protheroe and Turuer (1977) have 
simulated the average c h a r a c t e r i s t i c s , o f the Cerenkou l i g h t produced 
i n showers i n i t i a t e d by u e r t i c a l l y i n c i d e n t protons, alpha p a r t i c l e s , 
and i r o n n u c l e i , of energies 10 , 10 and 10 eU, The r e s u l t s ' o f 
these simulations suggest t h a t while many of the obserued characteris-
t i c s o f the l i g h t uary w i t h both primary p a r t i c l e energy and mass, 
they do not uniquely r e f l e c t e i t h e r of these q u a n t i t i e s . The auerage 
features of the l i g h t are, however, w e l l c o r r e l a t e d with the depth 
of shower cascade development maximum.- I n the f o l l o w i n g comparison 
of t h e o r e t i c a l and experimental r e s u l t s , the depths of the cascade 
maxima of the simulated showers are i n d i c a t e d , rather than the 
energies and masses of the primary p a r t i c l e s . This makes i t possible 
to comment on the depths of the cascade maxima of the r e a l showers, 
i n which the experimental measurements were made.. 
The experimental measurements of the present work need to be 
corrected to the case of u e r t i c a l l y i n c i d e n t showers f o r comparison 
w i t h the r e s u l t s of the sim u l a t i o n s , which are f o r u e r t i c a l showers 
only. I t i s also conuenient to reduce the experimental data to 
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correspond t o measurements made i n showers of energi e s - s i m i l a r to 
those of the simulated showers. Equs.4.3 to 4.7 of the previous 
Chapter, and others l i k e them, have been used to do t h i s . The 
values of the l a t e r a l l i g h t s t r u c t u r e f u n c t i o n exponent, together 
w i t h the values of the photon density and the various l i g h t pulse 
shape parameters a t given core distances between 100 and 500 mV have 
-2 
been evaluated f o r v e r t i c a l showers of energies p(50Q)y^ = 0.2 m~ 
—2 
and p(500)y^ = 2,0 m~ . D i r e c t comparison of the experimental 
and s i m u l a t i o n r e s u l t s can then be made. 
5,1,i The L a t e r a l Cerenkov L i g h t D i s t r i b u t i o n 
I t u j i l l be r e c a l l e d from Chapter 2, t h a t the s i m u l a t i o n r e s u l t s 
suggest t h a t depth of shower cascade development maximum i s i n d i c a t e d 
by the extent of the l a t e r a l Cerenkov l i g h t d i s t r i b u t i o n . The l i g h t 
i s l e s s widely spread i n showers developing lower i n the atmosphere, 
than i t i s i n showers developing higher i n the atmosphere. The 
exponent of a power law d e s c r i p t i o n of the l a t e r a l l i g h t d i s t r i b u t i o n , 
increases monotonically w i t h i n c r e a s i n g depth of shower cascade 
development maximum. 
: The experimental values of the s t r u c t u r e f u n c t i o n exponents of 
the l a t e r a l Cerenkov l i g h t d i s t r i b u t i o n s , a f t e r c o r r e c t i o n to v e r t i c a l l y 
—2 —2 
incident.showers of energies p(500)y^ = 0.2 m" and p(500)y^ = 2.0 m , 
are y = 2.16 - 0.13 and y = 2.43 ^ 0.13, r e s p e c t i v e l y . According 
to the s i m u l a t i o n s , these values i n d i c a t e depths of shower cascade 
+ 2 + 2 maxima a t 510 - 98 g cm" and 810 - 98 g cm" i n t o the atmosphere. 
Fig.5,1 shows the s i m u l a t i o n r e s u l t s f o r the . l a t e r a l Cerenkov l i g h t 
17 18 
d i s t r i b u t i o n s i n showers of energies 10 and 10 el/, with cascade 
•maxima a t such atmospWeric depth.s. The present experimental r e s u l t s , 
c o r r e c t e d t o v e r t i c a l shower incidence,, are also given. ' The values 
of the photon density observed at various core distances between 
Figure 5.1. Comparison of measurements of 
the l a t e r a l Cerenkou l i g h t d i s -
t r i b u t i o n made i n the present 
work, w i t h r e s u l t s from the 
computer simulations by Protheroe 
and Turuer ( l 9 7 7 ) . . The experimental 
measurements haue been corrected to 
u e r t i c a l showers of energies 
p(500)y^ = 0.2 m"^  and p(500)y^ = 
-2 
2.0 m . The depths of the cascade 
development maxima of the simulated 
showers which resemble the experimental 
data c l o s e s t , are i n d i c a t e d . (Note: 
the photon- density scale r e f e r s t o the 
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100 and 500 m are shown and the standard.errors.on these ualues are 
i n d i c a t e d by the e r r o r bars. 
I t i s seen i n f i g . 5 , 1 t h a t the shapes of the l a t e r a l Cerenkou . 
l i g h t d i s t r i b u t i o n s p r e d i c t e d by the si m u l a t i o n s , are i n e x c e l l e n t 
agreement w i t h those obserued i n the present work. For the comparison 
of the shapes, the experimental r e s u l t s have been normalized at 
one p o i n t , by a d j u s t i n g the ordinates of the measurements t o make 
the photon density obserued at 200 m core distance i n the lower energy 
showers agree w i t h the s i m u l a t i o n data. 
The photon d e n s i t y scale of f i g , 5 . 1 r e f e r s t o the s i m u l a t i o n 
r e s u l t s . Comparison w i t h the measured photon density values, gives 
the r e s u l t t h a t the den s i t y of Cerenkou photons observed i n showers 
—2 
w i t h uaiues of the Haverah Park array parameter of p(500)y^ = 7.60 m , 
i s the same as the density predicted by the simulations (which incorporate 
18 
the Feynman s c a l i n g hypothesis) f o r showers of energies around 10 el/. 
Howeuer, t h i s r e s u l t should be regarded c a u t i o u s l y because the wave-
l e n g t h d i s t r i b u t i o n of the photon source used f o r the absolute 
c a l i b r a t i o n of the experimental r e s u l t s i s unknown, and may w e l l be 
s i g n i f i c a n t l y d i f f e r e n t from the production spectrum of the Cerenkov 
photons, t h a t i s used i n the .simulations. 
The dependence of the Cerenkou photon density on p r i m a r y , p a r t i c l e 
energy, p r e d i c t e d by the simulations, i s confirmed by the experimental 
r e s u l t s w i t h o u t reference t-o an absolute c a l i b r a t i o n . Both the 
measured and simulated l i g h t d i s t r i b u t i o n s shownin f i g . 5 . 1 are f o r 
showers d i f f e r i n g by one decade of primary p a r t i c l e energy. The 
pr e d i c t e d r e l a t i v e excess of the Cerenkov l i g h t i n the higher energy 
showers, over t h a t i n the lower energy showers, i s the same as t h a t 
observed. This agreement does not depend on the normalization 
mentioned above. 
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S . l . i i The Cerenkov L i g h t Pulse Shape 
As was o u t l i n e d i n Chapter 2, depth of shower cascade develop-
ment maximum i s also i n d i c a t e d by the r i s e - t i m e and the f u l l - u i i d t h -
half-maximum of the Cerenkov l i g h t pulse, according to the s i m u l a t i o n 
r e s u l t s . At a l l core distances, both these parameters increase 
monotonically w i t h i n c r e a s i n g depth of cascade maximum, although the 
v a r i a t i o n of the pulse r i s e - t i m e i s much less than t h a t of the f u l l -
width-half-maximum. The other l i g h t pulse shape parameters - the 
top-time and f a l l - t i m e - also vary w i t h depth of shower cascade 
development maximum, but not i n such a simple way. 
The experimental measurements of the four Cerenkov l i g h t 
pulse shape parameters, a f t e r c o r r e c t i o n t o v e r t i c a l l y i n c i d e n t 
-2 —2 
showers of energies p(500)y^ = 0,2 m and p(500)y^ = 2,0 m~ , 
are shown i n f i g s . 5 . 2 ( a ) - ( d ) . The values of each parameter observed 
at v a r i o u s core distances between 100 and 500 m are given, and the 
standard e r r o r s on these values are shown by the e r r o r bars. The 
r e s u l t s of the s i m u l a t i o n s are also shown i n f i g . 5 . 2 ( a ) - ( d ) . For 
each pulse shape-parameter, the p r e d i c t e d values which best describe 
the measured r e s u l t s are given, and the depths of shower cascade 
d s v G l o p m e n t maxima which lead t o these values are i n d i c a t e d . 
I t i s seen i n f i g . 5 . 2 ( a ) t h a t the measured values of the 
Cerenkov l i g h t pulse rise-time are well-represented by the s i m u l a t i o n 
r e s u l t s f o r showers reaching maximum cascade development between 
' ' -2 
810 and-855 g cm i n t o the atmosphere. 
Fig.5.2(b) shows t h a t the measured Cerenkov l i g h t pulse top-time 
values indic-ate depths of shower cascade maxima a t atmospheric l e v e l s 
-2 
between 650 and 595 g cm , according to the s i m u l a t i o n s . 
I n f i g . 5 . 2 ( c ) the measured values of the f a l l - t i m e of the 
Cerenkov l i g h t pulse are seen to be reasonably w e l l described by the 
Figure 5.2. Comparison of meesurements of 
the shape of the Cerenkou l i g h t 
pulse made i n the present work, w i t h 
r e s u l t s from the computer simulations 
by Protheroe and Turuer ( l 9 7 7 ) . The 
experimental oieasurements have been 
corrected to v e r t i c a l showers of 
energies p(500) = Q.2 m and 
2 
p(50Q) = 2.0 m" . For each pulse 
'UE 
- 9 .n 
'UE 
shape parameter, the depths of the 
cascade development maxima of the 
simulated showers which resemble 
the experimental data • c l o s e s t , are 
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s i m u l a t i o n r e s u l t s f o r showers w i t h depths of.cascade development 
-2 
maxima between 600 and .725 g cm i n t o tf-.e atmosphere. 
L a s t l y , the measured values of the Cerenkov l i g h t pulse f u l l - w i d t h -
half-maximum shown i n f i g . 5 . 2 ( d ) , are i n reasonable agreement with 
the s i m u l a t i o n r e s u l t s f o r showers reaching maximum cascade develop-
-2 
ment a t atmospheric l e v e l s between 650 and 755 g cm . 
I t i s apparent i n f i g s . 5 . 2 ( a ) - ( d ) , t h a t the experimental 
\/alues of the pulse shape parameters at core distances less than • 
300 m, i n the higher energy showers, are c o n s i s t e n t l y greater than the 
corresponding predicted values. (The l i g h t pulse f a l l - t i m e and f u l l -
w i d t h - h a l f -maximum show t f . i s most.) This may have been'caused by an 
i n s t r u m e n t a l e f f e c t , and should not be regarded as evidence t h a t the 
. s i m u l a t i o n r e s u l t s are i n c o r r e c t . The l i g h t pulses observed close 
to the core i n showers of these energies were the l a r g e s t signals 
recorded,, and i t possible t h a t they were s l i g h t l y d i s t o r t e d by the 
s i g n a l a m p l i f i e r . A m p l i f i e r d i s t o r t i o n would broaden the s i g n a l s , 
accounting f o r the apparent discrepancy. (Of course, at core 
distances greater than 300' m, the l i g h t signals are smaller, and 
would no't have been at a l ] . d i s t o r t e d by the s i g n a l a m p l i f i e r . ) 
5 . 1 . i i i Depth of Shower Cascade Development Maximum and Primary 
P a r t l c l e _ flass 
I n the previous two sections, estimates of the depths of the 
cascade development maxima of the showers studied i n the present 
work, have been obtained by comparing experimental measurements w i t h . 
the r e s u l t s of the simulations by Protheroe and-Turver ( l 9 7 7 ) . A 
more d e t a i l e d comparison i s now made, i n table 5.1. Shown here are 
the observed values of the various Cerenkov l i g h t parameters at 
350 and 500 m core distance, a f t e r c o r r e c t i o n to. v e r t i c a l showers of 
Table 5.1. The: depths of shouier cascade 
deuelopment maxima i n f e r r e d 
by comparing the measured values 
of the various Cerenkov l i g h t 
parameters, w i t h r e s u l t s from the 
sim u l a t i o n s by Protheroe and 
Turver (1977). The experimental 
measurements have beer, corrected to 
v e r t i c a l shok'ers of energies 
p(500)^,j_ z: 0.2 m"^  and p(500) 
2.Q m 2 
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o 9 • 
.energies p(500)y^ = 0.2 m"^  and p(500)y^ = 2.0 m" . Thta depths 
of shower cascade maxima i n f e r r e d by comparing each of these 
experimental values w i t h the s i m u l a t i o n r e s u l t s , are also shown. I t 
i s seen t h a t , w i t h the possible exception of the l i g h t pulse r i s e - t i m e , 
the observed values of a l l the Cerenkov l i g h t parameters measured i n 
the showers of each energy, i n d i c a t e f a i r l y s i m i l a r depths of shower 
cascade maxima. (The r i s e - t i m e i s the most d i f f i c u l t parameter t o 
measure, and probably does not give such r e l i a b l e estimates of depth 
of shower maximum as the other measurements.) 
. Taking the average of the values i n t a b l e 5..1, gives the 
—2 
r e s u l t t h a t v e r t i c a l showers o f energy p(500)y^ = 0.2 m' , reach 
cascade development maxima a t an atmospheric depth of.6B6 - 31 g cm~^, 
' —2 on average. Those of energy p(500)y^ = 2,0 m , reach cascade maxima 
at 745 - 25' g cm"^. According t o the simulations by Protheroe and 
Turver (1977), showers of these energies, reaching cascade development 
maxima a t these atmospheric depths,, are i n i t i a t e d by primary p a r t i c l e s 
heavier than protons. However, t h i s conclusion i s e n t i r e l y a con-
sequence of the Feynman s c a l i n g model of the high energy nuclear 
p h y s i c s , t h a t i s used i n these s i m u l a t i o n s . Other p l a u s i b l e s i m u l a t -
ions which employ the model of the hadron cascade proposed by Cocconi 
et a l , (1961) (e,g, the s i m u l a t i o n s by Smith and Turver (1973) ) 
suggest t h a t showers i n i t i a t e d by protons of such energies, can reach 
cascade development maxima a t such atmospheric depths. 
Thus, although comparison of the experimental r e s u l t s w i t h 
model s i m u l a t i o n s gives an estimate of the average depth at which 
the showers studied i n the present work reached cascade development 
maxima, no statement about the mass of the primary p a r t i c l e s can be 
rnade/ The most s i g n i f i c a n t f e a t u r e of the comparison, i s the f a c t 
t h a t simulated showers reaching cascade development maxima at one 
69 
p a r t i c u l a r atmospheric depth, give values of the various Cerenkov. 
l i g h t parameters which are a l l i n consistent agreement with the 
experimental r e s u l t s . 
.5.2 Comparison w i t h other Measurements at Sea-Level 
The' r e s u l t s df- the present work are now compared w i t h 
measurements' made at the Yakutsk a i r shower array, which l i k e 
Haverah Park, i s at sea-l e v e l . 
.5.2.1 The L a t e r a l Cerenkov Light D i s t r i b u t i o n 
I*1eaaurements of . the l a t e r a l Cerenkov l i g h t d i s t r i b u t i o n made 
i n the present work, are compared i n fig, 5 . 3 with r e s u l t s from the 
e a r l i e r work c a r r i e d out at the Yakutsk array by Dim ostein et a l . 
( l 9 7 2 ) . The measurements of the Russian workers shown,- were made i n 
7 
showers of mean sea-level sizes N = 1.4 X 10 p a r t i c l e s , and 
— ' 8 0 i\i = 1.7 X 10 p a r t i c l e s , i n c i d e n t at zenith angles less than 30 . 
From the. present.work, measurements made i n showers of energies i n 
2 2 the interval:s- p(500)y^ < 0 . 3 m" and p(500)y^ >1.25 m , and 
inciden-t a t zen i t h angles i n the i n t e r v a l 25° < 0 < 35°, are shown. 
(The data i n these two i n t e r v a l s have average values of the Haverah 
= 0.194 m"^  and p(500)y^ = - -2 -Park array parameter of p(500) = 0.194 m' and p(500) 
-2 ' • -1.915 m , . r e s p e c t i v e l y . ) The photon density values observed at 
various core distances between 100 and 500 m are given and the 
standard e r r o r s on these values are in d i c a t e d by the error bars. 
I t i s seen i n f i g . 5 . 3 t h a t the shapes of the l a t e r a l Cerenkov 
l i g h t d i s t r i b u t i o n s measured i n the present work, agree very w e l l 
w i t h the shapes of those reported by Oim.nstein et a l . ( l 9 7 2 ) . For 
the comparison of the shapes, the present experimental data have 
been normalized at one p o i n t , by a d j u s t i n g the ordinates of the 
measurements so tha t the photon f l u x e s observed i n the lower energy 
showers of.each work agree at 200 m core distance. 
Figure 5.J. CuiiipLiriuan ol' mcusurements of 
the l a t e r a l .Cerenkov l i g h t 
d i s t r i b u t i o n made a t the Yakutsk 
a i r shower array by Diminstein et a l . 
(1972), w i t h measurements from the 
present work. (Note: the photon 
density scale r e f e r s only to the 
Russian work.) 
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The photon density scale of fi g , 5 . 3 r e f e r s to the r e s u l t s 
of the Russian workers. Comparison wi-th the absolute l i g h t 
i n t e n s i t i e s observed i n the present experiment,•gives the r e s u l t 
t h a t the density of Cerenkov photons i n showers with a value of 
— 2 
the Haverah Park array parameter of p(500)y^ = 1,00 m~ , i s the 
same as t h a t i n showers s p e c i f i e d by' a sea-level p a r t i c l e number 
of l\l = 9.4 x 10^, as measured by the Yakutsk array. However, 
comparing photon density measurements made by experiments employing 
p h o t o m u l t l p l i e r s t h a t have d i f f e r e n t cathode quantum e f f i c i e n c i e s 
and s p e c t r a l responses, and t h a t have been c a l i b r a t e d with d i f f e r e n t 
photon sources, i s d i f f i c u l t . This r e s u l t should, t h e r e f o r e , be 
regarded c a u t i o u s l y . 
. The v a r i a t i o n of the Cerenkov photon density with changing 
Haverah Park array parameter value, and wi t h changing sea-level 
p a r t i c l e s i z e , can be compared without reference to the absolute 
c a l i b r a t i o n of each experiment. The r e s u l t s shown i n fig.5,3 suggest 
t h a t an increase of one decade i n the value of p(500)y^, increases 
the observed l i g h t i n t e n s i t y by the same proportion as increasing 
the sea-level p a r t i c l e size by 1.09 decades. 
5 . 2 . i i The. Cerenkou L i g h t Pulse Shape 
The full-width-half-maximum i s the only measure of the shape 
of the Cerenkov l i g h t pulse t h a t has been i n v e s t i g a t e d i n other 
experiments/ The f i r s t measurements of t h i s parameter i n showers, 
of energies s i m i l a r to those of the showers studied i n the present 
work, were made at the Yakutsk array by Efimou et a l . ( l 9 7 3 ) . These 
measurements are compared w i t h the present r e s u l t s i n f i g . 5 . 4 . The 
Russian data were measured i n showers of sea-level sizes i n the range 
3 x 10 <. r \ l<3 'x 10 p a r t i c l e s , and have been corrected by the 
authors to''correspond to measurements made i n v e r t i c a l showers with 
Figure 5.4. Comparison of measurements of the 
Cerenkov l i g h t pulse f u l l - w i d t h - h a l f -
maximum made at the Yakutsk a i r 
shower array, by Efimou et a l . ( l 9 7 3 ) , 
w i t h measurements from the present 
work. Both sets of data have been 
corrected t o v e r t i c a l shower incidence. 
The Russian r e s u l t s have been f u r t h e r 
c orrected to correspond to measurements 
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a system of.zero response time. The measurements from the present 
work have been corrected to v e r t i c a l showers of energy' p(500)y^ = 
-2 
•.0.2 m , but no attempt to remove the e f f e c t of the bandwidth of 
the r ecording equipment has been made.- The values of the l i g h t pulse 
full-width-half-maximum observed at various core distances between 
TOO and-500 m are given and the standard e r r o r s on these values 
are shown, by the e r r o r bars. 
I t i s seen i n f i g . 5 . 4 t h a t the two sets of data are i n good 
agreement, e s p e c i a l l y a t core distances greater than about 300 m. ' 
Closer t o the shower core than t h i s , the l i g h t pulses observed i n 
the present, work are s l i g h t l y wider, as expected, because of the 
e f f e c t of the bandwidth of the recording equipment. 
5.3 • . Conclusions 
The average c h a r a c t e r i s t i c s . o f the Cerenkov l i g h t t h a t have 
been measured i n the present work, have been compared w i t h model 
simulations and wi t h other experimental r e s u l t s . .The present 
experimEintal'measurements are i n good agreement w i t h r e s u l t s from 
the s i mulations by Protheroe and Turuer ( l 9 7 7 ) . A l l the. observed 
f e a t u r e s . o f the Cerenkov l i g h t - the l a t e r a l l i g h t . d i s t r i b u t i o n 
and the d e t a i l s of the l i g h t pulse shape - are adequately described 
by the predicted l i g h t s i gnals from showers reaching electron 
cascade development maxima, at atmospheric depths' between about 
_2 
686 and 745 g cm . This estimate of depth of shower cascade develop-
ment maximum, cannot however, be r e l a t e d , to primary par-ticle mass, 
without f i r s t making assumptions' about the high energy nuclear 
physics occuring i n shower hadron cascades. 
The experimental r e s u l t s of the present work are i n good 
agreement w i t h a v a i l a b l e comparable measurements made at the Yakutsk 
a i r shower array i n U.S.S.R. 
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; • CHAPTEirSIX 
I^IEASUREWENTS OF CERENKDU LIGHT IN INDIWIDUAL AIR SHDlilERS 
6,1 I n t r o d u c t i o n 
I n t h e p r e u i o u s Chapter, e x p e r i m e n t a l measurements o f the 
average c h a r a c t e r i s t i c s o f t h e Cerenkou l i g h t i n e x t e n s i v e a i r showers,, 
uere compared w i t h r e s u l t s f rom t h e computer s i m u l a t i o n s by P r o t h e r c e 
and Turuer .(l-977). T h i s comparison l e d t o an e s t i m a t e o f the average 
depth i n t h e atmosphere,at which t h e showers s t u d i e d i n t h e p r e s e n t 
work, reached cascade development maximum. However, any i n t e r p r e ' t a t i o r . 
•of t h i s e s t i m a t e , i n tprms o f t h e masses o f t h e p r i m a r y p a r t i c l e s 
which i n i t i a t e d t h e showers, depended e n t i r e l y . o n assumptions about 
• t h e n a t u r e o f t h e high, energy n u c l e a r p h y s i c s which t o o k place i n the 
showers-. 
i n f o r m a t i o n abobt shower l o n g i t u d i n a l development which i s . 
more d i r e c t l y r e l a t e d t o p r i m a r y p a r t i c l e mass c o m p o s i t i o n , may be • 
c o n t a i n e d i n t h e amounts by which i n d i v i d u a l Cerenkov l i g h t measure-
ments f l u c t u a t e from t h e average c h a r a c t e r i s t i c s o f t h e l i g h t . 
V a r i a t i o n s i n t h e w a y s . t h a t t h e nucleons i n shower cascades i n t e r a c t , 
cause showers t o r e a c h cascade development maxima a t d i f f e r e n t 
a t m o s p h e r i c d e p t h s . The f l u c t u a t i o n s i n t h e v a l u e s o f shower parameters 
measured a t ground l e v e l , a r i s e f rom such v a r i a t i o n s i n shower cascade • 
development. • 
I t i s p l a u s i b l e t h a t t h e p r i m a r y p a r t i c l e mass i t s e l f , may be 
r e f l e c t e d by t h e f l u c t u a t i o n s i n t h e v a l u e s o f measured shower 
.parameters. As o u t l i n e d i n Chapter 1, t h e mean f r e e path o f p r o t o n s 
i n a i r , i s , m u c h ' l a r g s r t h a n t h a t o f h e a v i e r p a r t i c l e s , such as i r o n 
n u c l e i . The range o f depths i n t h e atmosphere a t which p r i m a r y p r o t o n s 
i n i t i a l l y i n t e r a c t , w i l l t h e r e f o r e , be c o r r e s p o n d i n g l y l a r g e r - t h a n the 
range o f a t m o s p h e r i c depths a t which p r i m a r y i r o n n u c l e i i n t e r a c t . 
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l / a r i a t i o n s i n t h e d e p t h a t whi c h t h e f i x s t i n t e r a c t i o n o f t h e p r i m a r y 
p a r t i c l e t a k e s p l a c e , w i l l . c a u s e showers t o r e a c h cascade deuelcpment 
maxima a t d i f f e r e n t a t m o s p h e r i c l e v e l s . T h i s w i l l be r e f l e c t e d by 
f l u c t u a t i o n s i n . t h e v a l u e s o f t h e shower parameters measured a t 
ground l e v e l . 
A c c o r d i n g t o many computer s i m u l a t i o n s , t h e f l u c t u a t i o n s i n 
showers i n i t i a t e d by p r o t o n s , a re a b o u t f i v e t i m e s l a r g e r t h a n t h o s e 
i n showers i n i t i a t e d by i r o n n u c l e i . F u r t h e r m o r e , s i n c e i t i s o n l y 
p r o t o n s t h a t can be e x p e c t e d t o o c c a s i o n a l l y p e n e t r a t e v e r y d e e p l y i n t o 
t h e atmosphere b e f o r e i n t e r a c t i n g , t h e presence o f p r o t o n s i n t h e 
p r i m a r y cosmic r a y f l u x , would be i n d i c a t e d by extreme f l u c t u a t i o n s i n 
t h e v a l u e s o f shower p a r a m e t e r s . 
* * * 
T h i s Chapter i s an a t t e m p t t o demo n s t r a t e a means which m i g h t be 
used t o e v a l u a t e t h e f l u c t u a t i o n v a l u e s o f Cerenkov. l i g h t measurements, 
F l u c i u a t i o n v a l u e s a r e c a l c u l a t e d h e r e , by removing t h e r e c o g n i s a b l e 
e f f e c t s o f shower energy and z e n i t h a n g l e , f r o m measurements made i n 
i n d i v i d u a l showers. The average v a r i a t i o n o f t h e Cerenkov l i g h t 
p a r a m e t e r s w i t h c o r e d i s t a n c e , shower energy and shower z e n i t h a n g l e , 
t h a t were d e t e r m i n e d e m p i r i c a l l y i n Chapter 4, are used t o do t h i s . 
I t i s assumed t h a t t h e f l u c t u a t i o n v a l u e s o b t a i n e d , depend o n l y on 
v a r i a t i o n s i n shower cascade development paused by d i f f e r e n c e s i n 
t h e i n t e r a c t i o n s o f t h e nucleons i n t h e shower cascades, and on t h e 
e f f e c t s o f measurement e r r o r s . 
To i n v e s t i g a t e whether t h e c a l c u l a t e d f l u c t u a t i o n v a l u e s r e l a t e 
. t o shower cascade development, t h e c o r r e l a t i o n s between t h e f l u c t u a t -
i o n v a l u e s o f s e v e r a l i n d e p e n d e n t p a r a m e t e r s , a re s t u d i e d . Then an 
a t t e m p t t o q u a n t i f y t h e d i f f e r e n c e s between t h e cascade developments 
o f showers, i s made. S t u d i e s o f t h e masses o f t h e p r i m a r y cosmic r a y 
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p a r t i c l e s , however, must a w a i t measurements, o f Cerenkov l i g h t i n a 
much l a r g e r sample o f showers. The procedures d e s c r i b e d i n t h i s 
C hapter, i l l u s t r a t e t e c h n i q u e s f o r i n t e r p r e t i n g Cerenkov l i g h t d a t a , 
t h a t a r e p r e s e n t l y b e i n g developed, 
6.2 F l u c t u a t i o n s . i n t he Cerenkov L i g h t Measures 
6. 2 , i Data H a n d l i n g 
The f l u c t u a t i o n v a l u e s o f t h e Cerenkov l i g h t s i g n a l s measured 
i n a sample o f 25 showers have been s t u d i e d . I n each of these showers, 
l i g h t s i g n a l s were r e c o r d e d by a t l e a s t f i v e d e t e c t o r s , a t core 
d i s t a n c e s e v e n l y d i s t r i b u t e d between 70 and 600 m. The showers i n 
t h i s s m a l l sample spanned a range o f p r i m a r y energy from p(500) 'UE 
2 ' -2 0.11 m~ t o p ( 5 0 0 ) y ^ = 4.33 m , and a r r i v e d a t z e n i t h angles l e s s 
t h a n 45°. 
The' d a t a o f each shower was t r e a t e d i n a manner s i m i l a r t o t h a t 
used i n Chapter 4, f o r t h e d e t e r m i n a t i o n o f t h e average c h a r a c t e r i s t i c s 
o f t h e Cerenkov l i g h t i n e x t e n s i v e a i r showers. A power law s t r u c t u r e 
f u n c t i o n was f i t t e d t o t h e photon d e n s i t y measurements, and t h e . 
v a r i o u s l i g h t p u lse shape measurements were expressed as e x p o n e n t i a l 
f u n c t i o n s o f core d i s t a n c e . (The c o r r e l a t i o n c o e f f i c i e n t s o f these 
f i t s were a l l g r e a t e r t h a n 0.75, i n d i c a t i n g c r i t i c a l s i g n i f i c a n c e s 
l e s s t h a n 10%.) A s p h e r i c a l l i g h t f r o n t was f i t t e d t o the times a t 
which t h e . l i g h t p u l s e s reached ^0% o f f u l l a m p l i t u d e . Fig.5.1 
i l l u s t r a t e s t h e complete s e t o f i n f o r m a t i o n c o n t a i n e d i n t h e Cerenkov 
l i g h t measurements made i n a t y p i c a l i n d i v i d u a l shower. 
F i v e independent Cerenkov l i g h t parameters were e v a l u a t e d f o r 
each shower s t u d i e d : -
( i ) The exponent, y, o f t h e power law s t r u c t u r e f u n c t i o n ' 
f i t t e d t o t h e photon d e n s i t y measurements made a t core 
d i s t a n c e s between 70 and 600 m. . 
F i g u r e 6.1. The complete s e t o f i n f o r m a t i o n 
c o n t a i n e d i n t h e Cerenkov l i g h t 
measurements made i n a t y p i c a l 
i n d i v i d u a l shower. F i v e i n -
dependent parameters can be 
e v a l u a t e d f r o m t h i s i n f o r m a t i o n . 
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( i i ) The . l i g h t p u l s e . r i s e - t i m e a t a core d i s t a n c e o f 400 m 
( e v a l u a t e d from t h e e x p o n e n t i a l e x p r e s s i o n f i t t e d t o ' 
t h e . r i s e - t i m o mooGurGmonts). 
( i i i ) The l i g h t p u l s e t o p - t i m e a t 400 m core d i s t a n c e . 
( i v ) , • The l i g h t p u l s e f a l l - t i m e a t 400 m core d i s t a n c e . 
—2 
( v ) The t h i c k n e s s o f atmosphere ( i n g cm ) t h r o u g h which 
the shower p e n e t r a t e d w h i l e p r o d u c i n g those Cerenkov 
photons which reached ground l e v e l b e f o r e t h e observed 
l i g h t p u l s e s reached ^0% o f f u l l a m p l i t u d e . ( T h i s ' i s 
c a l c u l a t e d from a knowledge o f t h e r a d i u s o f the 
Cerenkov l i g h t f r o n t and t h e shower z e n i t h a n g l e , as 
e x p l a i n e d i n Chapter 4.) 
These q u a n t i t i e s are an e x h a u s t i v e l i s t o f t h e independent parameters 
t h a t can be e v a l u a t e d from t h e Cerenkov l i g h t d ata a l o n e , s i n c e 
t o g e t h e r t h e y f u l l y s p e c i f y t h e a r e a , shape and r e l a t i v e time o f 
a r r i v a l ' o f t h e l i g h t p u l s e s observed i n each shower.. 
6 . 2 . i i C a l c u l a t i n g t h e - F l u c t u a t i o n Ualues 
The f l u c t u a t i o n v a l u e s o f t h e independent Cerenkov l i g h t 
p a r a m e t e r s , were computed by c a l c u l a t i n g t h e d e v i a t i o n s o f i n d i v i d u a l 
measurements o f t h e parameters, from a p p r o p r i a t e average v a l u e s o f -
t h e p a r a m e t e r s . The average v a l u e s needed f o r t h e c a l c u l a t i o n , . w e r e 
d e r i v e d from t h e average c h a r a c t e r i s t i c s o f t h e Cerenkov l i g h t i n 
e x t e n s i v e a i r showers, t h a t were e s t a b l i s h e d i n Chapter 4. Equs.4.3 
t o 4.6 were used t o d e t e r m i n e t h e average v a l u e s o f t h e l a t e r a l l i g h t 
s t r u c t u r e f u n c t i o n exponent, and those o f t h e l i g h t p u l s e r i s e - t i m e , 
t o p - t i m e and f a l l - t i m e a t 400 m core d i s t a n c e , t h a t . w e r e a p p r o p r i a t e 
t o t h e e n e r g i e s and z e n i t h a n g l e s o f each o f t h e showers s t u d i e d . 
D i f f e r e n c i n g these average v a l u e s and t h e i n d i v i d u a l measurements 
removed t h e . e f f e c t s o f shower energy and z e n i t h a n g l e , l e a v i n g t h e 
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f l u c t u a t i o n v a l u e s . 
For t h e case o f t h e d e p t h o f t h e l i g h t f r o n t o r i g i n , no 
a l l o w a n c e f o r t h e e f f e c t s o f shower energy and z e n i t h angle was 
n e c e s s a r y . As d i s c u s s e d i n Chapter 4, t h i s q u a n t i t y does n o t depend' 
on shower z e n i t h a n g l e , and i s observed t o be s u b s t a n t i a l l y independent 
o f shower energy. The f l u c t u a t i o n v a l u e s o f t h e depth o f t h e l i g h t 
f r o n t o r i g i n were g i v e n d i r e c t l y , by d i f f e r e n c i n g i n d i v i d u a l measure-
ments o f t h e parameter and t h e average v a l u e o f t h e parameter, a r r i v e d 
a t i n Chapter. 4, 
The- f l u c t u a t i o n v a l u e s o b t a i n e d i n t h e ways d e s c r i b e d above, were 
i n d e p e n d e n t o f shower energy and z e n i t h a n g l e . They were assumed t o 
depend o n l y on v a r i a t i o n s i n t h e cascade developments o f i n d i v i d u a l 
showers, caused by d i f f e r e n c e s i n t h e d e t a i l s o f t h e i n t e r a c t i o n s o f 
t h e n u c l e o n s i n t h e n u c l e a r cascades o f t h e showers, and on t h e e f f e c t s 
o f measurement e r r o r s . The f l u c t u a t i o n v a l u e s o f t h e independent 
Cerenkov l i g h t p a r a m e t e r s , p r o v i d e f i v e independent measures o f shower 
cascade development. 
To q u a n t i f y , t h e t y p i c a l amounts by which v a r i a t i o n s i n shower 
cascade development cause t h e measured Cerenkov l i g h t parameters t o . 
f l u c t u a t e , t h e d i s t r i b u t i o n s o f t h e f l u c t u a t i o n v a l u e s o f each o f t h e •• 
parameters were examined^ The s t a n d a r d d e v i a t i o n s o f these d i s t r i b u - • 
t i o n s a re shown i n t a b l e 6.1. 
I t i s . seen i n t a b l e 6.1, t h a t t h e t y p i c a l f l u c t u a t i o n v a l u e s 
are n o t l a r g e compared w i t h t h e p r e c i s i o n w i t h which the Cerenkov l i g h t 
p arameters a r e measured. F u r t h e r evidence t o s u b s t a n t i a t e t h e 
assumption t h a t t h e f l u c t u a t i o n v a l u e s r e f l e c t v a r i a t i o n s i n shower 
cascade development, i s t h e r e f o r e needed. This evidence i s sought i n 
t h e n e x t s e c t i o n , by s t u d y i n g t h e c o r r e l a t i o n s between t h e independent 
f l u c t u a t i o n v a l u e s measured i n each shower. Then, i n t h e l a s t s e c t i o n . 
Standard d e v i a t i o n o f t h e 
d i s t r i b u t i o n o f f l u c t u a t i o n v a l u e s 
. s t r u c t u r e f u n c t i o n 
exponent. 0.38 
R i s e - t i m e a t 400 m 
core d i s t a n c e 5.6 ns 
Top-time a t 400 m 
c o r e d i s t a n c e 4.5 ns 
F a l l - t i m e a t 400 m 
c o r e d i s t a n c e 8.2 ns 
Depth of, o r i g i n .of 
l i g h t f r o n t 141 g cm 
' 
Table 6.1. T y p i c a l f l u c t u a t i o n s i n t h e v a l u e s 
o f t h e independent Cerenkov l i g h t 
p a r a meters, caused by v a r i a t i o n s . i n 
shower cascade development. 
( F l u c t u a t i o n v a l u e s were c a l c u l a t e d 
by removing the e f f e c t s o f shower energy 
and z e n i t h a n g l e from i n d i v i d u a l • 
measurements o f t h e parameters. For 
each parameter, t h e s t a n d a r d d e v i a t i o n 
o f t h e d i s t r i b u t i o n o f these f l u c t u a t i o n 
v a l u e s , i s shown here. 
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the magnitudes o f t h e f l u c t u a t i o n v a l u e s , . a r e r e l a t e d t o v a r i a t i o n s 
i n d e p th o f shower cascade development maximum. 
6 . 2 . i i i C o r r e l a t i o n s Between Independent F l u c t u a t i o n l/alues-
Rore evidence t h a t t h e v a r i o u s f l u c t u a t i o n v a l u e s r e f l e c t 
v a r i a t i o n s i n shower cascade development, would be p r o v i d e d i f t h e 
in d e p e n d e n t f l u c t u a t i o n v a l u e s measured i n each i n d i v i d u a l shower, 
were fo u n d t o be c o r r e l a t e d . Such c o r r e l a t i o n s would show t h a t i t 
i s p o s s i b l e t o r e s o l v e t h e e f f e c t s o f v a r i a t i o n s i n shower cascade 
development, from t h e e f f e c t s o f measurement e r r o r . 
I n Chapter 4, t h e average c h a r a c t e r i s t i c s o f the Cerenkov 
l i g h t i n e x t e n s i v e a i r showers were e s t a b l i s h e d . There, r e l a t i n g 
changes i n shower energy and z e n i t h a n g l e , t o changes i n depth- o f 
shower cascade development maximum, i n d i c a t e d t h a t i n showers 
d e v e l o p i n g deeper i n t h e atmosphere'than u s u a l : -
( i ) The l a t e r a l l i g h t d i s t r i b u t i o n s a r e s t e e p e r ( i . e . t he 
v a l u e s o f t h e s t r u c t u r e f u n c t i o n , exponent, y, are 
l a r g e r ) ; 
( i i ) The l i g h t p u l s e r i s e - t i m e s are s l o w e r ; 
( i i i ) The l i g h t p u l s e t o p - t i m e s are slower;. 
( i v ) . The l i g h t p u l s e f a l l - t i m e s are s l o w e r . . 
( v ) I n a d d i t i o n , t h e depths o f ' t h e l i g h t f r o n t o r i g i n s i n 
showers d e v e l o p i n g deeper i n t o t h e atmosphere w i l l - be 
g r e a t e r . 
I f t h e f l u c t u a t i o n v a l u e s o f t h e independent Cerenkov l i g h t parameters 
measured . i n i n d i v i d u a l showers, r e f l e c t shower cascade development, 
t h e y s h o u l d be r e l a t e d i n t h e same way as t h e average c h a r a c t e r i s t i c s 
o f t h e l i g h t . 
To i n v e s t i g a t e t h e r e l a t i o n s between t h e f l u c t u a t i o n v a l u e s o f 
t h e i n d e p e n d e n t Cerenkov l i g h t p a r a meters, i t was necessary t o express 
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each o f . t h e f l u c t u a t i o n v a l u e s i n e q u i v a l e n t • u n i t s . T h i s was 
a c h i e v e d by making use o f t h e s e n s i t i v i t i e s o f t h e average v a l u e s 
o f t h e Cerenkov l i g h t p a r a m e t e r s , t o depth o f shower cascade develop-
ment maximum. These s e n s i t i v i t i e s were e s t a b l i s h e d i n Chapter 4 and 
are shown i n t a b l e 4,3. The mean o f t h e two v a l u e s g i v e n f o r each, 
parameter i n -the t a b l e , was used t o r e l a t e the f l u c t u a t i o n v a l u e s 
o f , t h e parameter, t o e q u i v a l e n t changes i n depth of shower cascade 
—2 
development maximum ( i n g cm ) . (The f l u c t u a t i o n values o f t h e 
depth o f t h e l i g h t f r o n t o r i g i n , were a l r e a d y expressed as t h i c k n e s s e s 
o f atmosphere and so were n o t t r e a t e d i n t h i s way.)-
Two - t e s t s were t h e n used t o s t u d y t h e r e l a t i o n s between t h e 
f l u c t u a t i o n v a l u e s o f t h e independent Cerenkov l i g h t parameters. 
F i r s t l y , an " f - r a t i o " a n a l y s i s o f v a r i a n c e , showed t h a t the v a r i a n c e 
o f t h e samples c o n s i s t i n g o f t h e f i v e independent f l u c t u a t i o n , v a l u e s 
o b t a i n e d f o r each shower, was 2.3 t i m e s s m a l l e r than t h e v a r i a n c e 
between d i f f e r e n t shower samples. T h i s corresponded t o a p r o b a b i l i t y 
o f l e s s t h a n 0.5%, t h a t w i t h i n shower e f f e c t s ( w h i c h were due t o ' 
e x p e r i m e n t a l measurement e r r o r s ) c o m p l e t e l y accounted f o r between 
shower e f f e c t s ( w h i c h t h e r e f o r e , must have been due i n p a r t t o . 
v a r i a t i o n s i n shower cascade dev e l o p m e n t ) . 
- Secondly, t h e c o r r e l a t i o n c o e f f i c i e n t s between t h e f l u c t u a t i o n 
v a l u e s o f p a i r s o f t h e independent parameters were c a l c u l a t e d . These 
a r e shown i n - t a b l e 6.2. For t h e s i z e o f sample c o n s i d e r e d , c o r r e l a t i o n 
c o e f f i c i e n t s g r e a t e r t h a n 0.34 are s i g n i f i c a n t a t t h e 10% level,-'and 
i t i s seen t h a t t h e r e are 4 such c o r r e l a t i o n s . 
The' two t e s t s i n d i c a t e t h a t , d e s p i t e t h e e f f e c t s o f e x p e r i m e n t a l 
measurement e r r o r s , t h e r e are weak c o r r e l a t i o n s between the f l u c t u a t i o n 
v a l u e s o f t h e independent Cerenkov l i g h t parameters measured i n 






























































S t r u c t u r e f u n c t i o n 
exponent 1.00 0.04 0.03 -0.45 0.22 
R i s e - t i m e a t 400 m 
c o r e d i s t a n c e 1.00 0.09 0.13 0.51 
Top-time a t - 4 0 0 m 
c o r e d i s t a n c e 1.00 0.45 0.23 
F a l l - t i m e a t 400 m 
c o r e d i s t a n c e 1.00 0.34 
Depth o f o r i g i n o f 
t h e l i g h t f r o n t 1.00 
T a b l e 6.2. The c o r r e l a t i o n c o e f f i c i e n t s between t h e 
f l u c t u a t i o n v a l u e s o f t h e i n d e p e n d e n t 
Cerenkov l i g h t p a r a m e t e r s . Each parameter 
i s an i n d e p e n d e n t measure o f shower 
cascade development. ( F o r t h e sample s i z e 
c o n s i d e r e d , c o e f f i c i e n t s g r e a t e r t h a n 0.34 
a r e s i g n i f i c a n t a t t h e 10^ l e v e l . ) 
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shower, when c o n s i d e r e d t o g e t h e r , enable t h e e f f e c t s o f v a r i a t i o n s 
i n shower cascade development, t o be r e s o l v e d from t h e e f f e c t s o f 
e x p e r i m e n t a l measurement e r r o r s . A l a r g e r sample o f data would 
e s t a b l i s h t h e c o r r e l a t i o n s between t h e independent . f l u c t u a t i o n 
v a l u e s w i t h more c e r t a i n t y . ' 
6,2.iv R e l a t i n g the F l u c t u a t i o n Ualues t o V a r i a t i o n s i n Shower 
Development 
Having e s t a b l i s h e d i n t h e p r e v i o u s s e c t i o n , t h a t t h e 
f l u c t u a t i o n v a l u e s o f t h e v a r i o u s Cerenkov l i g h t parameters a r i s e , 
a t l e a s t i n p a r t , from v a r i a t i o n s i n t h e cascade developments o f 
i n d i v i d u a l showers, c o n s i d e r a t i o n was g i v e n t o t h e magnitudes o f 
t h e f l u c t u a t i o n v a l u e s . The s i z e s , o f t h e f l u c t u a t i o n v a l u e s were 
used t o e s t i m a t e t h e range o f at m o s p h e r i c depths over which showers 
r e a c h cascade development maxima, as a r e s u l t o f v a r i a t i o n s i n t h e 
n u c l e o n i n t e r a c t i o n s i n t h e i r cascades. 
For each shower s t u d i e d , t h e d e v i a t i o n o f t h e depth o f t h e 
cascade development maximum, from an a p p r o p r i a t e ( b u t u n s p e c i f i e d ) 
average d e p t h , was e s t i m a t e d . The f l u c t u a t i o n v a l u e s o f the f i v e 
i n d e p e n d e n t parameters measured i n each shower, were t r e a t e d i n 
t h e manner d e s c r i b e d i n t h e p r e v i o u s s e c t i o n . Each o f t h e f l u c t u a t -
i o n u a l u e s was r e l a t e d t o an e q u i v a l e n t change i n depth o f shower 
cascade maximum, by u s i n g t h e s e n s i t i v i t i e s o f t h e average valu e s 
o f t h e Cerenkov l i g h t p arameters, t o depth o f shower maximum. The 
mean o f . t h e f i v e v a l u e s so o b t a i n e d f o r each shower, was t h e best 
e s t i m a t e o f t h e d e v i a t i o n from average, o f t h e p o s i t i o n o f the 
shower cascade development maximum. 
The d i s t r i b u t i o n o f t h e d e v i a t i o n s o f t h e depths of the 
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shower cascade maxima, had a s t a n d a r d d e v i a t i o n o f 111 g cm 
T h i s ' t h e n , i s an i n d i c a t i o n o f t h e amount by which the depths of 
shower cascade development maxima v a r y , owing t o v a r i a t i o n s i n the 
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.nucleon i n t e r a c t i o n s i n t h e shower cascades. The v a l u e i s . an 
. u p p e r . l i m i t , .since i t i n c l u d e s an, as y e t , undetermined e r r o r o f 
measurement. I t was d e r i v e d w i t h o u t r o c o u r s e t o any s p e c i f i c 
s i m u l a t i o n r e s u l t s and, w i t h t h e e x c e p t i o n o f i n f o r m a t i o n from 
a n a l y s e s o f t h e Haverah Park p a r t i c l e d e t e c t o r d a t a , was based 
o n l y on Cerenkov l i g h t measurements, 
6.3 C o n c l u s i o n s 
The f l u c t u a t i o n v a l u e s o f v a r i o u s Cerenkov l i g h t parameters 
measured i n a s m a l l sample o f showers have been examined. I t has 
been demonstrated t h a t t h e s e f l u c t u a t i o n v a l u e s c o n t a i n i n f o r m a t i o n 
about shower cascade development which i s a d d i t i o n a l t o t h e i n f o r m -
a t i o n d e r i v e d from the average c h a r a c t e r i s t i c s o f t h e Cerenkov l i g h t 
i n e x t e n s i v e a i r showers. 
The f l u c t u a t i o n v a l u e s have been c a l c u l a t e d .by removing t h e 
r e c o g n i s a b l e e f f e c t s o f shower energy and z e n i t h angle from measure-
ments made i n i n d i v i d u a l showers. C o r r e l a t i o n s between t h e f l u c t u a t -
i o n , v a l u e s o f independent parameters, have shown t h a t i t i s p o s s i b l e 
t o r e s o l v e . t h e e f f e c t s o f v a r i a t i o n s i n t h e d e t a i l s o f shower 
cascades,"from t h e e f f e c t s o f measurement e r r o r s . The e s t i m a t e s o f 
the average s e n s i t i v i t i e s o f t h e Cerenkov l i g h t parameters, t o depth 
o f shower cascade development maximum, have been used t o r e l a t e t h e 
f l u c t u a t i o n values, t o changes i n depth o f cascade maximum. I n t h i s 
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way, an. upper l i m i t o f 111 g cm , was o b t a i n e d f o r t h e range o f 
depths over which showers reach cascade development maxima, as a 
r e s u l t o f v a r i a t i o n s i n t h e nucleon i n t e r a c t i o n s i n t h e i r cascades. 
Perhaps t h e most s i g n i f i c a n t f e a t u r e o f t h e f l u c t u a t i o n 
measurements i s t h a t i n f o r m a t i o n on t h e cascade developments o f 
i n d i v i d u a l showers i s o b t a i n e d , w i t h o u t r e c o u r s e t o any d e t a i l e d 
s i m u l a t i o n r e s u l t s . [Measurements o f t h e f l u c t u a t i o n v a l u e s o f 
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Cerenkpv l i g h t parameters made i n a l a r g e sample o f showers may 
w e l l , t h e r e f o r e , p l a y a u s e f u l r S l e i n f u r t h e r s t u d i e s o f t h e 
masses o f . t h e p r i m a r y cosmic r a y p a r t i c l e s . The sample o f data 
c o n s i d e r e d h e r e , however, i s much t o o s m a l l t o b e g i n such s t u d i e s . 
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.. CHAPTER SEliEN ' ' 
CONCLUSIONS AND FURTHER CEREMKDU LIGHT DETECTION EXPERII^ENTS 
I t has been c l e a r l y demonstrated . t h a t t he Cerenkov l i g h t t h a t 
i s produced i n l a r g e e x t e n s i v e a i r showers, can be r e a d i l y observed 
w i t h an a r r a y o f s i m p l e l i g h t d e t e c t o r s and an analogue s i g n a l 
r e c o r d i n g system. I^easurements o f t h e l a t e r a l d i s t r i b u t i o n o f t h e 
l i g h t , t h e .shape o f t h e l i g h t p u l s e s , and the a r r i v a l time o f t h e 
l i g h t have, been made w i t h such equipment, o p e r a t e d a t the Haverah 
Park a i r shower a r r a y . The. i n d i c a t i o n s are t h a t these measurements 
c o n t a i n v e r y d e t a i l e d i n f o r m a t i o n about a i r showers. 
F u r t h e r work by the Durham U n i v e r s i t y group t o f u l l y e x p l o i t 
th e p o t e n t i a l of Cerenkov l i g h t measurements i s a l r e a d y underway. 
D u r i n g t h e p r e p a r a t i o n o f t h i s t h e s i s , p o r t a b l e l i g h t d e t e c t o r s have 
been o p e r a t e d a t an e s t a b l i s h e d a i r shower a r r a y i n U.S.A. A complet-
e l y new method o f a n a l y s i n g Cerenkov l i g h t d a t a , i n a manner which 
g i v e s d i r e c t i n f o r m a t i o n on shower cascade development, has been 
de v e l o p e d , .Here s o p h i s t i c a t e d Cerenkov l i g h t d e t e c t i o n equipment, 
which i s t o be o p e r a t e d i n d e p e n d s n t l y a t a s i t e w i t h good s e e i n g 
c o n d i t i o n s , has been c o n s t r u c t e d and i s - b e i n g i n s t a l l e d . 
7.1 C o n c l u s i o n s f r o m the Present 'jJork 
The c h a r a c t e r i s t i c s o f the Cerenkov l i g h t averaged over many 
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showers o f e n e r g i e s around 5 x 10 el/ have been e s t a b l i s h e d . Measure-
ments o f b o t h t he photon d e n s i t y and the d e t a i l s o f the l i g h t p u lse 
shape have been made a t core d i s t a n c e s up t o about 600 m. The 
c u r v a t u r e o f t h e Cerenkov l i g h t - f r o n t ' has a l s o been dete r m i n e d , from 
measurements o f t h e a r r i v a l t i m e s o f t h e l i g h t made i n a s m a l l sample 
o f showers. .The dependances o f t h e average c h a r a c t e r i s t i c s o f t h e 
l i g h t on shower energy and z e n i t h a n g le have been q u a n t i f i e d . T h i s has 
l e d t o e s t i m a t e s o f t h a s e n s i t i v i t i e s o f the v a r i o u s Cerenkov l i g h t 
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p a r a m e t e r s , t o v a r i a t i o n s i n depth o f shower cascade .development 
maximum.. The data'measured i n t h e p r e s e n t work compare w e l l w i t h 
e a r l i e r measurements, where such comparisons may be made. 
The measured average f e a t u r e s o f t h e Cerenkov l i g h t are i n 
good agreement w i t h t h e p r e d i c t i o n s from the s i m u l a t i o n s o f shower 
development by P r o t h e r o e and T u r v e r ( 1 9 7 7 ) . The comparison o f t h e 
e x p e r i m e n t a l and t h e o r e t i c a l r e s u l t s has shown t h a t , on average, t h e 
showers s t u d i e d i n t h e present'work p e n e t r a t e d between 686 and 745 
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g cm o f atmosphere,- b e f o r e r e a c h i n g cascade development maxima. 
While t h i s e s t i m a t e i s not s t r o n g l y a f f e c t e d by t h e d e t a i l s o f t h e 
s i m u l a t i o n s , i t s i n t e r p r e t a t i o n i n terms o f p r i m a r y p a r t i c l e mass, 
however, depends e n t i r e l y on t h e model o f the h i g h energy n u c l e a r 
p h y s i c s t h a t i s used i n t h e s i m u l a t i o n s . 
I t has been shown t h a t f u r t h e r i n f o r m a t i o n on the cascade 
-developments o f a i r showers, i s c o n t a i n e d i n t h e f l u c t u a t i o n v a l u e s 
o f Cerenkov l i g h t p a r a m e ters. The f l u c t u a t i o n v a l u e s o f v a r i o u s . 
.parameters have been c a l c u l a t e d , by removing the r e c o g n i s a b l e e f f e c t s 
o f shower energy and z e n i t h a n g l e from measurements o f the parameters 
made i n a s m a l l sample o f i n d i v i d u a l showers. The f l u c t u a t i o n v a l u e s 
of i n d e p e n d e n t parameters have been found t o be weakly c o r r e l a t e d , 
and t h i s has been t a k e n as evidence t h a t the f l u c t u a t i o n s ' a r i s e from • 
v a r i a t i o n s i n t h e d e t a i l s o f t h e cascade developments o f the i n d i v i d u a l 
showers. The e s t i m a t e s o f the .average s e n s i t i v i t i e s o f t h e Cerenkov l i g h t 
p a r a m e t e r s , t o depth o f shower cascade development maximum, have been 
used t o r e l a t e t h e f l u c t u a t i o n v a l u e s t o changes i n depth o f cascade 
maximum. I n t h i s way, an upper l i m i t o f 111 g cm f o r the range o f 
depths over which showers reach cascade development maxima, as a r e s u l t 
o f v a r i a t i o n s i n t h e nucleon i n t e r a c t i o n s i n t h e i r cascades, was 
o b t a i n e d , w i t h o u t r e c o u r s e t o d e t a i l e d s i m u l a t i o n r e s u l t s . 
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The measurements mads i n t h e p r e s e n t work suggest t h a t t he 
shouar i n f o r m a t i o n t h a t i s p r e s e n t l y o b t a i n e d from analyses o f t h e 
Hauerah Park p a r t i c l e d e t e c t o r d a t a , s h o u l d a l s o bs a v a i l a b l e from 
Cerenkou l i g h t measurements a l o n e . A l r e a d y , a Cerenkou l i g h t measure 
o f sho'jjer energy - t h e photon d e n s i t y a t 200 m core d i s t a n c e - has 
been i d e n t i f i e d . Cerenkou l i g h t measurements made w i t h an a r r a y o f 
se'ueral d e t e c t o r s , s h o u l d a l s o g i u e i n f o r m a t i o n on shower core 
l o c a t i o n s , s i n c e s e v e r a l parameters haue been found t o vary mono-
t o n i c a l l y w i t h core d i s t a n c e . A c c u r a t e shower a r r i v a l d i r e c t i o n s can 
be o b t a i n e d from t h e measurements o f the t i m e s a t which t h e Cerenkou 
l i g h t a r r i v e s a t t h e u a r i o u s d e t e c t o r p o s i t i o n s . I n f a c t , t he 
f e a s i b i l i t y o f u s i n g t h e measurements made i n t h e p r e s e n t work, f o r 
t h i s s o r t o f shower a n a l y s i s , i s c u r r e n t l y b e i n g i n u a s t i g a t e d and 
w i l l be r e p o r t e d by Hammond e t a l . ( 1 9 7 7 ) . 
The, o b s e r u a t i o n o f Cerenkou l i g h t i n e x t e n s i v e a i r showers, i s 
now w e l l . e s t a b l i s h e d at' Hauerah Park. D u r i n g t h e p r e p a r a t i o n o f t h i s 
t h e s i s , t h e l i g h t d e t e c t o r a r r a y has c o n t i n u e d t o o p e r a t e , e s s e n t i a l l y 
i n an u n a l t e r e d f o r m . However, one i m p o r t a n t change t o the equipment 
has, been made and i s w o r t h m e n t i o n i n g h e r e . The t i m e s o f a r r i v a l o f 
t h e Cerenkov l i g h t a t t h e d e t e c t o r s , are now measured w i t h g r e a t e r 
p r e c i s i o n . Improved r e a l - t i m e c o i n c i d e n c e marker pulses a t t h e s t a r t s 
o f t h e timebase sweeps o f t h e r e c o r d i n g o s c i l l o s c o p e s , enable t i m i n g 
measurements t o w i t h i n 2 ns t o be a c h i e v e d . The measurements o f t h e 
c u r v a t u r e o f t h e Cerenkou l i g h t f r o n t are now much more p r e c i s e than 
•those d e s c r i b e d i n t h i s t h e s i s . 
The c o n t i n u e d o p e r a t i o n o f t h e Cerenkov l i g h t d e t e c t o r a r r a y 
a t Haverah Park, would be i n c o n j u n c t i o n w i t h o t h e r new experiments 
t h e r e , which w i l l a l s o g i v e i n f o r m a t i o n about shower cascade develop-
ment. These e x p e r i m e n t s a re t h e Durham U n i v e r s i t y muon a r r i v a l 
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d i r e c t i o n a x p e r i m e n t (see Gibson (1976) ) : t h e " a r r a y i n f i l l i n g " 
e x p e r i m e n t , conducted j o i n t l y by Durham and Leeds U n i u e r s i t i e s (see 
Edge e t a l . ( l 9 7 7 ) ) : and t h e deep water p a r t i c l e d e t e c t o r p u l s e 
p r o f i l e e x p e r i m e n t ' ( s e e Wild- (1975) , ) . I n f o r m a t i o n from a number of 
e x p e r i m e n t s s h o u l d givye a much g r e a t e r i n s i g h t i n t o the problems o f 
d e t e r m i n i n g t h e d e t a i l s o f shower cascade development and p r i m a r y 
p a r t i c l e mass, t h a n t h e i n f o r m a t i o n from any one exp e r i m e n t . 
I d e a l l y , i n a f i n i t e sample o f showers, Cerenkou l i g h t measurements 
would be a v a i l a b l e , as w e l l as^ d a t a from these o t h e r e x p e r i m e n t s . 
However, t h e low d u t y c y c l e f o r Cerenkou l i g h t o b s e r v a t i o n i n t h e 
B r i t i s h c l i m a t e , makes t h i s p o s s i b i l i t y r a t h e r remote, 
7.2 A New Plethod o f A n a l y s i n g Cerenkov L i g h t [Measurements 
As a l r e a d y s t a t e d , t h e r e s u l t s p r e s e n t e d i n t h i s t h e s i s i n d i c a t e 
t h a t , i t s h o u l d be q u i t e f e a s i b l e t o employ.the methods c u r r e n t l y used 
f o r t h e a n a l y s i s o f t h e Haverah Park p a r t i c l e d e t e c t o r d a t a , t o f i n d 
a r r i v a l d i r e c t i o n s , c o r e • l o c a t i o n s , and e n e r g i e s o f showers, p u r e l y 
from Cerenkov l i g h t measurements. However, a new method o f a n a l y s i n g 
C e r e n k o v ' l i g h t measurements, i n a way t h a t g i v e s more d i r e c t i n f o r m a -
t i o n on shower cascade development, has r e c e n t l y been proposed. D e t a i l s 
o f t h e shapes o f t h e l i g h t p u l s e s r e g i s t e r e d by s e v e r a l w e l l spaced 
d e t e c t o r s a re used t o a c c u r a t e l y r e c o n s t r u c t images o f shower cascades. 
The computer s i m u l a t i o n s by P r o t h e r o e and Turver ( 1 9 7 7 ) , 
i n d i c a t e t h a t a t c o r e d i s t a n c e s g r e a t e r t h a n . a b o u t 100 m, t h e t e m p o r a l 
s t r u c t u r e s o f t h e Cerenkov l i g h t p u l s e s observed i n a shower, m i r r o r 
t h e development o f t h e shower. The f i r s t l i g h t t o reach ground l e v e l 
i s produced h i g h e s t i n t h e atmosphere. The l i g h t a t any g i v e n p o i n t 
on each l i g h t p u l s e p r o f i l e , i s produced a t a p a r t i c u l a r stage o f the 
shower development and o r i g i n a t e s f r o m a compact r e g i o n of t h e atmos-
phere. 
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I n t h a p r e s e n t work, s p h e r i c a l l i g h t f r o n t s have been f i t t e d 
t o measurements o f t h e r e l a t i v e t i m e s a t which t h e Cerenkov l i g h t 
i n a shower a r r i v e d . a t t h e v a r i o u s d e t e c t o r p o s i t i o n s . The t i m i n g 
measurements were made t o t h e p o i n t s on t h e l i g h t p u l s e p r o f i l e s a t 
which .10^ o f f u l l a m p l i t u d e was r e a c h e d . The new a n a l y s i s m^ethod 
ex t e n d s t h i s p r o c e d u r e by a l s o f i t t i n g s p h e r i c a l l i g h t f r o n t s t o 
o t h e r p o i n t s on t h e l i g h t p u l s e p r o f i l e s - t h e 50% and 90^ o f f u l l 
a m p l i t u d e l e v e l s , ' o n b o t h t h e l e a d i n g and t r a i l i n g edges. The r a d i i 
o f t h e s e l i g h t f r o n t s d e t e r m i n e t h e p o s i t i o n s i n t h e atmosphere o f 
v a r i o u s s t a g e s o f shower cascade development, and a l l o w an image o f • 
t h e shower cascade t o be c o n s t r u c t e d . F u r t h e r m o r e , t h e shower co r e i s 
r e p r e s e n t e d by t h e p a t h t h r o u g h t h e l i g h t f r o n t c e n t r e s o f c u r v a t u r e . 
From t h i s , t h e a r r i v a l d i r e c t i o n o f t h e shower, and t h e impact p o i n t 
o f t h e c o r e on t h e g r o u n d p l a n e , can be d e t e r m i n e d w i t h o u t any 
r e f e r e n c e t o t h e photon d e n s i t i e s a t t h e d e t e c t o r p o s i t i o n s . 
T h i s method o f a n a l y s i n g Cerenkou l i g h t measurements seems 
p a r t i c u l a r l y , a p p r o p r i a t e f o r f u r t h e r s t u d i e s aimed a t d e t e r m i n i n g 
p r i m a r y p a r t i c l e mass, s i n c e i t g i v e s such d i r e c t i n f o r m a t i o n on 
shower cascade development, A more d e t a i l e d d i s c u s s i o n o f t h e a n a l y -
s i s p r o c e d u r e , t o g e t h e r w i t h p r e l i m i n a r y r e s u l t s o b t a i n e d by a n a l y s i n g 
a s m a l l sample o f s u i t a b l e showers s e l e c t e d from t h e d a t a r e c o r d e d i n 
t h e p r e s e n t work, have been p r e s e n t e d by O r f o r d and T u r v e r ( l 9 7 6 ) . 
As f a r as t h e d e s i g n o f an e x p e r i m e n t t o observe Cerenkov l i g h t ^ i s 
c o n c e r n e d , t h e s a l i e n t p o i n t i s t h a t , s h o u l d t h i s method o f a n a l y s i s 
be used f o r d e a l i n g w i t h showers r e c o r d e d i n t h e f u t u r e , good t i m i n g 
measurement: a c c u r a c y w i l l become much more i m p o r t a n t t h a n p r e c i s e 
d e t e c t o r gain"measurement, 
7,3 F u r t h e r Cerenkov L i g h t D e t e c t i o n • E x p e r i m e n t s 
The Durham U n i v e r s i t y g r o u p ' i s now i n v o l v e d w i t h two f u r t h e r 
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e x p e r i m e n t s t b d e t e c t t h e Cerenkou l i g h t i n l a r g e cosmic r a y showers. 
One o f th e s e has a l r e a d y been c a r r i e d o u t , and t h e o t h e r i s p r e s e n t l y 
under c o n s t r u c t i o n . • Both t h e exp e r i m e n t s i n u o l u e t a k i n g p o r t a b l e 
l i g h t d e t e c t o r s t o ouerseas s i t e s . 
The f i r s t o f t h e ex p e r i m e n t s was t o make Cerenkov l i g h t measure-
ments a t a d i f f e r e n t a l t i t u d e from t h a t o f Haverah Park. Equipment 
was o p e r a t e d f o r a p e r i o d o f about t h r e e weeks a t the Volcano Ranch 
a i r shower a r r a y , i n New Mexico, U.S.A., which i s a t an atmospheric 
-2 
depth o f 834 g cm . Four l i g h t d e t e c t o r s and an analogue s i g n a l 
r e c o r d i n g system, t h a t were v e r y s i m i l a r t o t h e equipment d e s c r i b e d 
i n t h i s t h e s i s , were used t o make measurements o f the Cerenkov photon 
d e n s i t y a t 200 m core d i s t a n c e , i n showers r e c o r d e d by t h e Volcano 
Ranch a r r a y s The r e s u l t s o f t h e experiment are soon t o be d e s c r i b e d 
by WaddoLip ( l 9 7 7 ) . A p o s s i b l e e x t e n s i o n o f t h i s work would be t o 
make s i m i l a r Cerenkou' l i g h t measurements a t t h e w o r l d ' s o t h e r 
e s t a b l i s h e d a i r shower a r r a y s . 
The second e x p e r i m e n t , a t p r e s e n t under c o n s t r u c t i o n , i s t o 
make 'measurements o f Cerenkou l i g h t i n a l a r g e sample o f showers, and 
t o use them f o r f u r t h e r s t u d i e s o f shower cascade deuelopment and 
pr i m a r y p & r t i c l e mass. E i g h t l i g h t d e t e c t o r s haue been dispa-tched 
t b a s i t e w i t h good s e e i n g c o n d i t i o n s , i n Utah, U.S.A. These w i l l be 
op e r a t e d i n d e p e n d e n t l y o f any e s t a b l i s h e d a i r shower a r r a y , and 
•coincidences between t h e l i g h t s i g n a l s r e g i s t e r e d by the u a r i o u s 
d e t e c t o r s , w i l l be used t o t r i g g e r t h e system. The l i g h t s i g n a l s ' 
d e t e c t e d w i l l be r e c o r d e d c o m p l e t e l y d i g i t a l l y , f a c i l i t a t i n g t he 
h a n d l i n g o f a l a r g e sample o f d a t a . The bandwidth o f t h e system w i l l 
be hi,gher t h a n t h a t o f . t h e equipment d e s c r i b e d i n t h i s t h e s i s , e n a b l -
i n g t h e shapes o f l i g h t p u l s e s r e g i s t e r e d a t s h o r t e r core d i s t a n c e s 
t o be f a i t h f u l l y r e c o r d e d . The showers d e t e c t e d w i l l be analysed 
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s o l e l y on t h e b a s i s o f t h e Cerenkou l i g h t measurements, i n a l l 
p r o b a b i l i t y by u s i n g the. new a n a l y s i s method d e s c r i b e d i n s e c t i o n 
7.2, above, . 
I n c l o s i n g , i t i s f a i r t o say t h a t t h e work d e s c r i b e d i n 
t h i s t h e s i s has e s t a b l i s h e d t h e t e c h n i q u e s necessary t o make d e t a i l e d 
measurements o f the Cerenkou l i g h t i n l a r g e e x t e n s i v e a i r showers. 
The w o r k has g i v e n r i s e t o a number o f new e x p e r i m e n t s , and the data 
o b t a i n e d have been used f o r p r e l i m i n a r y t e s t i n g o f a new method o f 
shower, a n a l y s i s . While t h e p r e s e n t work goes no f u r t h e r t han t o 
p r e s e n t i n i t i a l r e s u l t s on shower cascade development, t h e i n d i c a t i o n s 
a r e , t h a t t h e f u t u r e measurements o f Cerenkov l i g h t i n a l a r g e sample 
of showers, s h o u l d make a s i g n i f i c a n t c o n t r i b u t i o n t o the i d e n t i f i c a -
t i o n o f t h e masses o f h i g h energy p r i m a r y cosmic r a y p a r t i c l e s . 
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